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Thulman, S. M. Van Kirk, W. J. Widmer, G. L. Wiggs, L. H. Yeager. 


Group B—Heat Transfer Between the Panel and the Space: John James*, Chair- 
man; H. F. Randolph, Vice Chairman; C. M. Ashley, J. T. Bergen, C. F. Boester, 
Wharton Clay, Linn Helander, A. L. Jaros, Jr.. H. A. Lockhart, C. O. Mackey*, 
R. A. Miller, G. W. Penney, G. G. Sward, J. M. van Nieukerken. 


Group D—Controls: J. S. Locke, Chairman; A. B. Algren*. H. W. Alyea, S. D. 
Browne, R. L. Campbell, C. M. Garner, P. B. Gordon, W. J. Hajek, A. J. Keating, 
W. H. Kliever, H. T. Kucera, P. F. Neess, R. S. Penn, J. K. M. Pryke, E. J. 
Ritchie, C. W. Signor, N. D. Skinner, A. S. Widdowfield. 


Physiological Research: C.-E. A. Winslow, Chairman; Thomas Bedford, M.D., Capt. 
A. R. Behnke, MC, USN, E. W. Brown, M.D., A. C. Burton, M.D., E. F. DuBois, 
M.D., A. P. Gagge, R. W. Keeton, M.D., D. H. K. Lee, M.D., L. G. Miller*, André 
Missenard, Charles Sheard. 


Sorbents: John Everetts, Jr., Chairman; F. C. Dehler, M. C. Giannini*, C. H. B. 
Hotchkiss, E. R. McLaughlin, J. C. Patterson, G. L. Simpson, F. J. Swaney. 


Sound Control: T. A. Walters, Chairman; C. M. Ashley, P. H. Geiger, F. B. Holgate, 
W. H. Hoppmann, II, G. C. Kerr, R. D. Madison*, J. S. Parkinson, T. H. Troller. 


Weather Design Conditions: T. H. Urdahl*, Chairman; J. C. Albright, P. D. Bemis, 
H. S. Birkett, J. P. Fitzsimons, J. H. Hart, W. L. Holladay, W. M. Wallace, II. 


* Member of Committee on Research. 


| 
| 
| 

viii 


LOCAL CHAPTER OFFICERS—1948 


Atlanta 
Organized 1937 
Headquarters, Atlanta 


L. L. Barnes 

R. L. Beach 

E. K. Jamison 

Board of Governors: H. King McCain, C. 
Boynton Cole 


Central New York 
Organized 1944 
Headquarters, Syracuse 


D. L. Mills 
J. H. Carpenter 
A. L. Jones 


Board of Governors: J. H. Carpenter, R. E. 
Cherne, V. S. Day, A. L. Jones, L. E. 
LaRow, D. L. Mills, H. G. Strong 


Central Ohio 
Organized 1944 
Headquarters, Columbus 


President..... W. M. Myler, Jr. 
Vice-President. E. A. Norman, Jr. 
H. G. Hays 
Treasurer.......+ R. 8. Curl 


Board of Governors: R. B. Breneman, M. R. 
Hamlin, A. W. Williams 


Cincinnati 
Organized 1932 
Headquarters, Cincinnati 


M. E. Matthewson 
K. B. Little 
Secretary-Treasurer............. E. W. McNamee 


Board of Governors: H. K. Jennings, K. B. 
Little, McNamee, M. E. Matthewson, 
00 


Connecticut 
Organized 1940 
Headquarters, New Haven 


E. C. Marsden 
Winfield Roeder 
T. L. Arnold 
D. M. Hummel 


Board of Governors: A. J. Lawless, 


Osorne, J. R. Smak 


Delta 
Organized 1939 
Headquarters, New Orleans 


L. V. Busenlener 
R. B. Guest 
Ralph Elizardi 
Board of Governors: J. 8S. Burke, Fritz 


Gutknecht, Theodore Offner 


Golden Gate 
Organized 1987 


Headquarters, San Francisco 


H. V. Hickman 
K. F. Baldwin, Jr. 
R. C. Cushing 
P. R. Babcock 


Board of Governors: John Everetts, Jr., T. J. 
a, F. W. Kolb, H. R. Scandrett, T. J. 
ite* 


Illinois 
Organized 1906 
Headquarters, Chicago 


C. M. Burnam, Jr. 
J. S. Kearney 
G. W. Bornquist 
P. J. Marschall 


Board of Governors: M. J. Bamond, M. W. 
Bishop, H. G. Chapin, W. A. Kuechenberg 


Indiana 
Organized 1943 
Headquarters, Indianapolis 


P. R. Jordan 
W. R. Fenstermaker 
Cc. F. A. Locke 
F. A. Stickle 
Board of Governors: I. W. Cotton, W. E. 
Goohs, C. H. Hagedon 
lowa 
Organized 1940 
Headquarters, Des Moines 
D. E. Wells 
R. 8. Stover 
Board of Governors: C. P. North, J. F. Sandfort, 
C. A. Wheeler 
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Kansas City 
Organized 1917 
Headquarters, Kansas City, Mo. 


H. E. Gould 
Henry Nottberg, Jr. 
W. E. Howarth 


Board of Governors: E. K. Campbell, P. C. 
Leffel, C. A. Weiss 


Manitoba 
Organized 1935 
Headquarters, Winnipeg 


J. R. Stephenson 
Whew A. W. Moss 
D. F. Michie 


Board of Governors: J. A. Bell, J. F. Bertram, 
P. L. Charles, D. F. Michie, A. W. Moss, 
E. H. Price, J. R. Stephenson, D. 8. Swain 


Massachusetts 
Organized 1912 
Headquarters, Boston 


R. T. Kern 
Vice-President..... H. Shipp 
D. W. Blair 


Board of Governors: D. W. Blair, E. L. Blair, 
John Bonner,* F. H. Brigham, A. E. Dusossoit, 
Adolph Ehrenzeller, R. R. Emerson, R. T. 
Kern, C. M. F. Peterson, W. H. Shipp, 
H. L. Von Rehberg, W. A. Williams 


Memphis 
Organized 1944 
Headquarters, Memphis 


E. E. Scott 
Vice-President.............. W. E. Thorpe 
J. D. Flinn 


Board of Governors: A. T. Bevil, J. D. Flinn, 
T. O. S. Humphrey, Jr., R. W. Johnson, 
J. B. Lammons, N. C. Ledbetter, E. E. 
Scott, W. E. Thorpe 


Michigan 
Organized 1916 
Headquarters, Detroit 


E. F. Hyde 
po L. A. Burch 
J. H. Spurgeon 


Board of Governors: G. W. Akers, A. E. Knibb, 
R. H. Oberschulte, J. H. Spitzley 


* Filled unexpired term. 


Minnesota 
Organized 1918 
Headquarters, Minneapolis 


i oO. L. Lilja 
R. C. Jordan 
E. F. Snyder, Jr. 
B. F. MecLouth 


Board of Governors: D. B. Anderson, L. C. 
Gross, C. T. Lawrence 


Montreal 
Organized 1936 
Headquarters, Montreal, Que. 


wc Leo Garneau 
S. W. Salter 
R. R. Noyes 
W. G. Hole 


Board of Governors: T. G. Anglin, J. J. Cos- 
grove, J. P. Fitzsimmons, B. J. Horsburgh, 
T. H. Worthington 


Nebraska 
Organized 1940 
Headquarters, Omaha 


C. A. Carter 
F. E. Prawl 
G. W. Colburn 


Board of Governors: C. A. Carter, G. W. Col- 
burn, K. R. Magarrell, K. E. Martin, B. G. 
Peterson, F. E. Prawl, Verne Simmonds 


New York 
Organized 1911 
Headquarters, New York 


A. A. Bearman 
Carl H. Flink 
W. M. Heebner 


Board of Governors: M. C. Giannini, P. B. 
Gordon, Ernst Graber, C. F. Kayan, J. E. 
Schechter 


North Carolina 
Organized 1939 


Headquarters, Durham 


E. S. DeWitt 
DeParx Stimson 
Secretary-Treasurer........... R. M. Warren, Jr. 


Board of Governors: C. Z. Adams, H. B. Hoff- 
man, S. J. Nicholson 
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LOCAL CHAPTER OFFICERS—1948 (Continued) 


North Texas 
Organized 1938 
Headquarters, Dallas 


B. S. Foss, Jr 
G. A. Linskie 
A. B. Ullrich, Jr. 


Board of Governors: M. L. Brown, C. Rollins 
Gardner, L. S. Gilbert 


Northeastern Oklahoma 
Organized 1948 
Headquarters, Tulsa 


W. R. Lee 

A. D. Holmes 

J. N. Watt 

Board of Governors: Edwin Jones, L. S. Reagan, 
W. C. Roads 


Northern Ohio 
Organized 1916 


Headquarters, Cleveland 
W. R. Moore 
John Richmond 
R. E. Sherman 


Board of Governors: John James, D. E. Mannen, 
E. E. Maurer, W. M. Rowe 


Oklahoma 
Organized 1935 
Headquarters, Oklahoma City 


J. H. Spaan, Jr. 
J. H. Carnahan 
J. R. Patten 


Board = a: E. F. Dawson, G. T. Don- 
ceel, W. W. Frankfurt 


Ontario 
Organized 1922 
Headquarters, Toronto 


E. G. Spall 
A. J. Strain 
H. R. Roth 


Board of Governors: H. A. Baxter, J. H. Fox, 
William Philip, D. A. Stott 
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Oregon 
Organized 1939 
Headquarters, Portland 
P. MeDermott 
Secretary..... A. N. Hoss 
J. H. Bonebrake 


Board of Governors: C. W. Brissenden, K. H. 
Hanson, L. J. Harrington 


Pacific Northwest 
Organized 1928 
Headquarters, Seattle, Wash. 


J. D. Sparks 
D. O. Mead 
R. R. Kirkwood 
Board of Governors: E. H. Langdon, J. B. 
Notkin, C. A. Pangborn 
Philadelphia 
Organized 1916 
Headquarters, Philadelphia 

President....... Kirkbride 
lst Vice-President.................F. H. Buzzard 
J. W. McElgin 
Secretary ..M. E. Barnard 
E. K. Wagner 


Board of Governors: F. H. Buzzard, E. H. 
Dafter, M. G. Kershaw, J. O. Kirkbride, 
J. W. McElgin, E. K. Wagner 


Pittsburgh 
Organized 1919 
Headquarters, Pittsburgh 


Secretary 
B. B. Reilly 


Board of Governors: D. W. Loucks, C. H. 
Schneider, W. D. Simpson 


Rocky Mountain 
Organized 1944 
Headquarters, Denver, Colo. 


E. J. McEahern 
A. W. Cooper 
Board of Governors: . W. Marshall, J. F. 


Mohan, H. J. W stile 


Vice-President...................H. J. Kirkendall 
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St. Louis 
Organized 1918 
Headquarters, St. Louis 


Board of Governors: H. Bemarkt, J. H. 
Carter, L. L. "G. W. Pieksen 
Shreveport 
Organized 1948 
Headquarters, Shreveport 
J. Kearby 
O. J. Dykes, Jr. 
B. E. Segall, Jr. 
Board of Governors: R M. Hood, M. A. Hud- 
son, H. Otto 
Seuth Texas 
Organized 1938 
Headquarters, Houston 
Cc. C. Quin, Jr 
R. J. Salinger 
Treasurer...... H. W. Broadwell 


Board of Governors: G. J. Collins, D. M. Mills, 
W. E. Long 


Calif. 


Organized 1930 
Headquarters, Los Angeles 


R. 8S. Farr 
J. L. Blake 
L. J. Helms 
M. C. Greiner 


Board of Governors: F. B. Gardner, R. A. Lowe, 
Nicholas Nassir, R. E. Phillips 


Southwest Texas 
Organized 1946 
Headquarters, San Antonio 


G. R. Rhine 
L. S. Pawkett 
I. W. Wilke 


Board of Governors: W. Barnes, F. C. 
Benham, Jr., R. J. Allan Henry, 
D. E. Locher, G. R. Rhine, ‘A. J. Rummel 
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Utah 
Organized 1944 
Headquarters, Salt Lake City 


C. E. Ferguson 
R. H. East 


Board of Governors: J. L. Ashton, E. V. Grit- 
ton, D. B. Holford, R. A. Pons 


Virginia 
Organized 1946 
Headquarters, Norfolk 


President...... W. H. Webster, Jr., J. E. White* 
J. E. White 
D. E. Phillips 
W. G. Hayes 


Board of Governors: J. F. Boyenton*, W. P. 
Robinson, J. J. Shanahan, R. C. Thomas 


Washington, D. C. 
Organized 1935 
Headquarters, Washington, D. C. 


A. S. Gates, Jr. 
P. R. Achenbach 
J. G. Muirhead 
F. J. Pratt 
Board of Governors: A. E. Beitzell, H. H. Hill, 


L. H. Holder 


Western Michigan 
Organized 1931 
Headquarters, Grand Rapids 


H. W. Wolters 
J. L. Alexander 
Secretary..... C. V. Saunders, H. R. Limbacher* 
H. D. Burtis 


Board of Governors: L. A. Calcaterra, E. C. 
Fox, Frank Harbin, Jr. 


Western New York 
Organized 1919 
Headquarters, Buffalo 


2nd J. H. Bryce 
T. F. Killeen 
B. C. Candee 
Board of Governors: G. E. Adema, M. C. 

Beman, Joseph Davis, Roswell Farnham, 


W. R. Heath, S. M. Quackenbush 


* Filled unexpired term. 


2nd Vice-President..............J. Rosebrough 
Ge 

— 
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Wisconsin 
Organized 1922 
Headquarters, Milwaukee 


W. A. Ouweneel 
Vice-President....... W. H. Stevens 
H. F. Brinen 


Board of Governors: Ernest Szekely, O. A. 
Trostel, J. R. Vernon 


STUDENT BRANCHES 


North Carolina State College Purdue University 
Organized 1948 Organized 1948 

Headquarters, Raleigh, N. C. Headquarters, W. Lafayette 
President....... H. W. Powell, Jr...J. G. Marshall errr ee R. G. James..D. M. Long 
Vice-President.......... J. C. Lodor..H. L. Arey Vice-Chairman........ B. E. Petry..J. H. Miller 
C. E. Jones..Basil Greene  Secretary............ D. M. Long..H. W. Collins 
Treasurer......... J. G. Marshall..Von Autry, Jr. Reporter.. ......... D. E. Blue..M. E. Naftzger 
E. B. Morrison..R. F. Bean  Coordinator...........+. J. H. Miller..L. M. Zoss 


Board of Governors: L. L. Vaughan, R. B. Rice 


Texas A. & M. College 
Organized 1946 
Headquarters, College Station, Tex. 


T. V. Burns 
Cc. V. Brown 


Board of Governors: Wayne Long, J. S. Hopper, 
W. W. Caudill 
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TRANSACTIONS 
of 
Tue American Society oF HEaATING 
AND VENTILATING ENGINEERS 


No. 1325 


FIFTY-FOURTH ANNUAL MEETING, 1948 
New York, N. Y. 


HE 54th Annual Meeting of the AMericAN Society oF HEATING AND 
VENTILATING ENGINEERS was held in the Hotel Commodore, New York 
City, February 2-5, 1948. Participating in the four day technical and social 
program were 1805 persons, including 1009 members, 490 guests, and 306 ladies. 


First Session—Monpay, FEesruary 2, 9:30 a.m. 


Dr. B. M. Woods, president of the Society, declared the 54th Annual Meet- 
ing in session at 9:30 a.m., February 2, and introduced Prof. M. C. Giannini, 
president of the New York Chapter, who gave a message of welcome, which 
was followed by an outline of the program by W. E. Heibel, general chairman 
of the Committee on Arrangements. 

During the business session that preceded the presentation of papers, several 
Officers’ and Committee reports were presented. 


PRESIDENT’S REPORT 


In a comprehensive report, President Woods said that the AMERICAN SoclETy oF 
HEATING AND VENTILATING ENGINEERS is outstanding for the participation of its 
members and cited the fact that at the 53rd Annual Meeting held in Cleveland, 
approximately one out of every four members of the Society was in attendance. 

Further, the members do not come just to listen; they participate. The 14 technical 
advisory committees of the Committee on Research number more than 200 members. 
Five of the Committees of the Society are restricted to members of the Council and 
number three members each. Supplementing these, however, are a number of Society 
committees in which the membership runs to as high as a dozen in cases where a 
committee of this size is indicated and can be efficient. 

There is a tendency in national meetings to overlook the extent to which members 
participate in the work of the chapters. A picture of this participation is given this 
year in the reports of the Chapter Relations Committee and the different subjects 
covered in its communications to chapters. Local committees probably involve from a 
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quarter to a half of the membership of the chapter. These men are engaged in plan- 
ning programs, arranging meetings, nominating new members, providing publicity, 
supporting research projects, and publishing chapter periodicals. 


Society Government 


A President deals first with the Council. This group is the governing body of the 
Society—its board of directors. It meets at least five times each year. These meet- 
ings occur quarterly: one is at the time of the Semi-Annual Meeting, and two occur 
between the Annual and Semi-Annual Meetings, one in the spring and one in the fall. 
At the time of the Annual Meeting, two meetings of Council are held: one for the 
outgoing Council, one for the incoming Council. Thus each President serves as chair- 
man at five meetings. 

One has only to be the President to discover how rapidly his term passes and how 
short a time there is in which to carry forward even the few projects which it may 
be desirable for him to undertake. He should and usually does name all committees 
at the first Council Meeting of the year held at the close of the Annual Meeting and 
on the same day on which he is inaugurated as President. This means that for several 
months before his election he must assume that he is to be President and proceed with 
the investigation of qualifications of persons for the committee appointments to which 
they are named. It is general experience that the activities of the year are about half 
over for the incumbent when the Second Council Meeting is held in the spring. There- 
after it is usually too late to start any major activities without assuming their con- 
tinuance by the next President. This is mentioned to indicate how vital a quick start is. 

There is a basic difference between a Council Meeting and that of a board of direc- 
tors of a corporation. Seldom in a board of directors meeting is any important business 
transacted which has not originated through the officers of the corporation and par- 
ticularly through its President. In the Council, this is far from the case. 


Many Technical Papers Presented 


For example, the rapid growth of the Society is reflected in a trend toward increas- 
ing numbers of papers. Also the development of the Laboratory with a substantial 
permanent staff and a budget, which for the year 1948 will approximate $100,000, call 
for re-examination of publication policy. It is apparent, for example, that papers of 
many types and of different degress of significance and utility will be presented. 

A special committee under Dean L. E. Seeley has been studying the problem of pub- 
lication policies and their administration. This committee follows a committee of 
1946 dealing with the same question. Many of the problems came to Dean Seeley’s 
committee from the Committee on Research. On the side of the New York office, the 
Secretary, as general manager of Society publications, is in direct administrative touch 
with the publisher of the JourRNAL of the Society, with the Publication Committee, 
and with the authors of papers in the problems of editing. He is ably assisted by the 
Technical Secretary in these matters. As a result of committee studies, four types 
fo publication have been authorized. 

Furthermore with a rapidly increasing number of papers presented, a fairly critical 
selective policy will be necessary to keep the volume of papers within the resources 
and desirable limits of Society publication. Special study of costs, of sale of reprints at 
modest prices, and procedure for suggesting modifications to authors where these seem 
to the Publication Committee or the Committee on Research to promise greater use- 
fulness of the paper or papers presented. These are delicate problems. 

I am happy to report substantial progress toward agreement on some of the more 
difficult questions. The subject, however, is far from a closed one. The problems are 
too complex for quick analysis and quick determination of procedure. Substantial 
progress has been made and further development may be expected. 
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Committee Work 


At each meeting of Council the several standing committees of the Council report. 
Naturally, the Finance Committee is concerned, first of all, with the degree to which 
the forecast of operations represented by the Society’s budget is being realized during 
the year. In this connection it is important to note that Society funds come only in 
part from dues. There is an income:of varying amount from year to year from the 
publication of the Heatinc, VENTILATING, AIR CoNDITIONING GuIDE. There is 
income specifically allotted to research from the Exposition when held and the alloca- 
tion of this to the Committee on Research becomes a duty of the Council. There is 
further income from the publication contract whereby the Society receives money 
instead of expending it for the publication of its proceedings. Finally, of course, there 
are the dues and initiation fees from members. 


The total income and total expenditures are estimated and decided in the form of a 
budget at the Fall Council Meeting each year. During the year the validity of these 
estimates must be checked constantly by the Finance Committee. Furthermore, the 
problems of employment of a staff in the New York office particularly and of the 
determination of standards for the staff in the Laboratory are constantly under review 
by the Finance Committee. 


During the year the problem of revision of the Constitution and By-Laws has been 
carried forward by the Committee of that name. Owing to the death of Past-President 
W. T. Jones, the chairmanship was assumed by Past-President S. H. Downs and the 
work vigorously prosecuted. The task is not an easy one, as you will discover through 
the Committee’s reports. It is complicated by the fact that the Council is the governing 
body of the Society, that the Charter must conform to the laws of the State of New 
York, that the By-Laws must regulate the activities of the Society, that sufficient 
flexibility must be left to the Council as a governing body and to the membership to 
carry out the major purposes of the Society without endangering the stability and the 
continuity of purpose which the membership earnestly desires to have protected. A 
delicate balance is necessary. 


In the opinion of the President, the work of the Society is carried on with sub- 
stantial freedom under the Constitution and By-Laws. Changes of any substantial 
character in the policies of the Society and in its mode of operation properly require 
approval of Council or of the Society itself. It is the President’s belief that the 
requirements are in general sound but that the time intervals required for some of 
these changes are excessive. It will be recalled that a lapse of time of over two years 
was required by the Society in order fully to authorize the use of some of its own 
funds for the purchase of its Laboratory. 

Most, if not all approvals required are logical. The total number, however, consti- 
tutes a very serious impediment to rapid action even when the Society is unified in its 
desires and intentions. 

Problems of this type are necessarily complex. The Committee on Constitution and 
By-Laws has met the issue in some cases by specifying more carefully than in the 
past the jurisdiction of certain committees, thereby giving them greater authority to 
proceed. This is, for example, the case with the Meetings Committee, which in the 
future will have larger authority in the organization of meetings and the necessary 
steps to make meetings a success. The importance of having the Society enter new 
areas and use new techniques to cope with the increasing complexity of the field, with 
the changing character of membership, and with the increased importance of research 
in the industry is, I believe, evident. 

Whether the Society will require further flexibility carried into its Constitution and 
By-Laws will be revealed by time. It is the President’s belief that substantial progress 
has been made but that further changes may prove necessary before the ideal con- 
dition of balance between stability and flexibility is obtained. 
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During the year the Council gave careful consideration to the problem of expositions. 
As a result the exposition for 1949 has been scheduled for Chicago, and a continuing 
arrangement has been worked out with the International Exposition Company, of 
which C. F. Roth is President, to run over a period of ten years. Efforts are being 
made to adjust the schedule of exhibitions held at the same time as the Society meet- 
ings with those of other interested organizations and progress has been made. 


Pension Fund 


This meeting is the first at which the Society takes note of the Trustees of the pen- 
sion fund. The creation of this group of three society members for the administration 
of the pension system recently adopted marks the culmination of more than three years 
study of this complex and important problem. It became apparent that the Society in 
its professional and top managerial posts was in competition with universities, research 
agencies, and other organizations which have adopted pension plans. The Society’s 
structure and problems are different, of course, from a number of these but greatly 
resemble others. 

For two years the question of pensions was studied by the Finance Committee. 
During the year 1947 it was brought to a head by a Special Council Committee under 
the chairmanship of John F. Collins and the system put in operation. In brief, perma- 
nent professional members of the laboratory staff and of the Society contribute toward 
the purchase of a retirement pension, their contributions being substantially matched 
by the Society. The amount of salary deduction for this purpose is of the order of 
five percent, but because of differing ages and therefore different periods of service 
there is some variation. The system is believed to be a good one and both the Society 
and its staff have their contributions to the system well safeguarded by the provisions. 
Any member interested in the details may consult the Secretary for additional informa- 
tion. It is too complex to attempt to outline here. 


Research Fund Raising 


The President reports with satisfaction the accomplishments of several special com- 
mittees which were appointed by the Council on his recommendation early in the year. 

First, there is the Committee on Promotion of Research, with John E. Haines as 
chairman. For more than a quarter of a century the Society has been conducting 
research and has received support for the research in part from the industry and from 
agencies who found such investment desirable. With the expanded program of the 
present and with an effort to have a substantial portion of the research contribute more 
directly to the general needs of the industry, it became desirable to have a committee 
which would devote itself to ascertaining the best means of correlating the Laboratory 
with the industry and of securing the financial participation of industry in projects of 
common concern. Further, there are a number of members and organizations who do 
not have projects requiring immediate and specific investigation by the Laboratory but 
who recognize the desirability of having the Laboratory carry on its investigations 
from year to year and who desire to share in the expense. 

The Committee concluded that one important step in developing a better under- 
standing and in securing needed financial support would be to distribute to industry 
and to the membership a booklet describing the Laboratory and its work. This has 
been done. In developing the booklet and in furthering the work of Chairman Haines’ 
committee, the Assistant to the President, Clyde A. McKeeman, has been a key figure. 

About two years ago the Society decided that the administration of the program of 
research should as always be directed by the Committee on Research. However, the 
obtaining of support should be a general Society function under the direction of the 
Society's administration and the Council. In order to prosecute vigorously the determi- 
nation of programs of research of interest to industry and to arrange the conferences 
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necessary to put them into effect, the Society in 1946 named an Assistant to the Presi- 
dent. Each month a detailed report is made to the President about conferences with 
officers of associations in our field or of those having an interest in our field and con- 
ferences at the Laboratory for the purpose of reviewing projected programs, determin- 
ing of budgets, and soliciting necessary support. During the past year contributions 
received, largely by reason of this work, have reached approximately $30,000. For the 
coming year it is expected that this total will increase by at least 50 percent. 


It is hard for any member of the Society who does not know the details of these 
operations to understand the number of conferences necessary in the process of 
evolving a project which is of general interest and concern to the industry; not a 
specific project for a company and yet one which has early utility. In order to pre- 
serve the neutral position of the Society and to conform to the requirements of the 
Constitution and By-Laws restricting activities with reference to specific appliances, 
the Society has found it increasingly desirable to deal with associations and groups 
of manufaucturers. One of the most successful and promising of these arrangements is 
with the leaders in the glass industry. Comparable programs are under consideration 
in two or three other important areas. Present arrangements seem sound. They have 
been in effect for something less than two years and the results already are good. It 
should be recognized by all concerned that the Assistance to the President is not just 
a representative of the Society in securing support for its research. He must also 
represent the Society in directing this support toward the advancement of the industry 
and of the science, and to this end must constantly serve as an interpreter of the pur- 
poses of the Society itself. 

Reference has been made to the financing of the research program of the Society, to 
the purchase of the Laboratory and to the provision of retirement pensions for the 
permanent Laboratory staff. These are all important items but important primarily 
to permit the kind of research program which will be worthy of the Society. Shortly, 
if not immediately, the Society’s research in certain fields should be developed to be 
the most advanced, incisive, and promising of any research programs in the field. 
This will not be true in all divisions, but there should be a few general areas in which 
the Society’s work is pre-eminent. A good beginning has been made. The Director 
and his staff have laid excellent foundations. 


The past of the Society throws in review the pioneer work in the field of the com- 
fort chart and physiological reaction, work which has met the test of time. Refine- 
ments are doubtless needed, but the basic character of the work stands as a monument 
to the concept of research of the leaders of the Society of twenty years ago. 


In the intervening years the necessity of stronger and larger teams for investigation 
of wide areas has increased and the complexity and cost of equipment have risen. In 
the opinion of the President the leadership of the Society in certain areas of research, 
that is to say national and international leadership, will probably follow the establish- 
ment of a number of firm areas of research of moderately advanced character; these 
may include sponsored projects with prospects of early utility to the profession and 
to industry. Thus, projects of the nature of the glass investigation, of panel heating 
and the like, should lead one by one to the laying of a broad foundation out of which 
a few projects will yield results of such significance as to justify their prosecution 
into the realm of really advanced investigation. The Society is worthy of such a goal 
and should move toward it. Power and support will follow accomplishment as they 
have in the past and as they are now doing. Chairmen of the Committee on Research 
will continue to serve at the high level of past and present incumbents. 


Business and Financial Policy Studies 


The second of three special committees is the Committee on Business and Financial 
Policies under the chairmanship of E. N. McDonnell. The distinction between the 
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work of this committee and that of the Finance Committee is that the Finance Com- 
mittee is concerned primarily with the operating budget, its determination and super- 
vision. The Committee on Business and Financial Policies is concerned with potential 
changes and improvements in the financial structure of the Society. Its achievements 
during the past year have been substantial. 

The Committee has under consideration several possibilities for improving the 
financial status of the Society. In this connection it should be noted that the Society 
has up to the present time not increased its dues from the low amount of $18 per year 
to which they were reduced in the depression of the “thirties.” Some members may 
not recall that the dues were put at $25 per year about a quarter of a century ago in 
order to provide an allocation of $10 per member per year toward research. They 
were reduced later to $18 per year. Support for research has been steadily increasing 
and in spite of the low dues rate, about 50 percent of research income came from dues 
this year. 

Funds for the expanding general operations of the Society may not come so easily. 
This presents a difficult financial problem which has not been solved. It is quite likely 
that increased support for general activities of the Society must be found. The need 
has been met up to the present time by the rapid increase in members. Should such 
increase not continue, and even if it should, it is likely that either an increase in dues 
or the alocation of certain funds now going to research from general society operations 
will be required. This problem confronts the incoming administration. It would not 
be surprising if recommendations in the direction of increased dues prove necessary. 
It will be not the desire of the new administration to make such a recommendation, 
but circumstances may lead there. 

The third special committee is the one under the chairmanship of Dean Seeley to 
which former reference was made. It deals with the examination of the administra- 
tive policies of the Society as distinguished from the financial relationships. These 
obviously include the relations between the functions belonging in the general office of 
the Society in New York and those pertaining to the Laboratory. Prominent among 
these is the problem of publication, to which reference was made. Many of these 
relationships are the concern of other committees and are defined in the Constitution 
and By-Laws. They should be re-examined as conditions change. The chairman of 
the committee has been prevented from giving this subject the attention he desired by 
reason of unexpected and extremely heavy professional duties. Accomplishments in 
one or two areas, however, have been real. 

Mention could be made, of course, of many other active groups. The Chapter Rela- 
tions Committee under chairman Reg F. Taylor has been extremely active and has 
circulated bulletins to all chapters at frequent intervals throughout the year. 

Vice-President G. L. Tuve, as chairman of the Meetings Committee, has carried a 
heavy burden. One of the most interesting items reported to Council was the recom- 
mendation that the following subjects be given prominence in technical programs of 
future meetings of the Society. 1. Transportation Air Conditioning; 2. Fuels and 
Combustion; 3. Evaporative Cooling and Condensing; 4. Solar Heat Transmission; 
5. Physiological Effects; 6. Panel Heating; 7. Industrial Ventilation; 8. Weather 
Design; 9. Air Cleaning. 


Semi-Annual Meeting 


For the large proportion of the membership who were unable to attend the summer 
meeting at Coronado, the President reports its success. The relatively small attendance 
permitted intimate association of the members present and full discussion of papers. 
Rarely has there been more vigorous and profitable participation in technical sessions. 

Without intentional neglect of any of the important committees to whom specific 
reference has not been made, the President desires to call attention to the vital and 
continuing importance of the work of the Guipe Publication Committee. Under the 
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chairmanship of R. S. Dill of the National Bureau of Standards, the Committee has 
carried on its work efficiently and aggressively. Members will be interested to know 
that the Guipe Publication Committee is an overlapping committee made up of three 
groups, each serving for three years but starting in successive years. Therefore, two- 
thirds of the membership in a given year consists of those already acquainted with the 
committee and its work. The committee has assigned itself a similar three-year task 
which is the re-writing of THE GuipE every three years. Each year about one-third 
of the Chapters are given major revision, another third moderate revision, and a third 
are allowed to stand substantially as they are. Now that THe GuipeE has attained its 
present size and complexity, this is in itself an ambitious program. 

The present year has seen progress both in the revision of chapters and in the initia- 
tion of revision of some chapters for which a period of more than one year is neces- 
sary, if thoughtful and authoritative results are to be had. Since THe GuipE has 
become the standard national reference book in its field, since its acceptance is now 
indicated through publication of over 18,000 copies contemplated for the year 1948, the 
importance of systematic and thorough consideration of the validity and up-to-dateness 
of its chapters are indicated. 

The President hopes that the chairmen of a number of committees whose activities 
have not been here reviewed will present them to the membership. In particular, he 
hopes that the chairman of the Committee on Membership will give a full report 
and likewise the chairman of the Nominating Committee, a committee which for the 
first time has operated under the new provisions of the Society. 


Teamwork Appreciated 


The wide participation in the work of the Society by its members, chapters, com- 
mittees, Council, staff and officers emphasizes more than ever the importance of team- 
work. The year just passed has seen evidence of unusually high performance to meet 
this requirement. Chairmen of committees have been careful to consult other com- 
mittees whose duties might hinge upon problems which they had under consideration. 
Officers of the Society have been considerate of the interests and activities of one 
another. The executive staff has recognized the differentiation in tasks between 
the Laboratory and the general headquarters, and frequent conferences have been held 
to remove possible administrative difficulties. The net result has been the devotion of 
energy primarily to accomplishment rather than to elimination of difficulties. 

The President expresses appreciation on behalf of the Society to those who have 
made its work the success that the past records. And he also pays tribute to the high 
sense of devotion and the unlimited expenditure of energy given to administrative 
duties by the Secretary, the Director of Research, the Technical Secretary and the 
Assistant to the President, to mention only the leaders. The Society has a great team 
in its administrative staff. If channels are kept clear so that new ideas and new 
abilities can be recognized equally, there need be no foreseeable limit to worthwhile 
accomplishment. 

Finally, it is important to recognize that the President of the Society is not an 
executive in the sense of a corporation president nor even a university president. His 
task is primarily to keep up with what the Society is doing, to lend a hand, to coordi- 
nate and make more effective the work and programs, to encourage the members of 
the staff and committees to accept responsibility, show initiative and lead the Society 
forward as rapidly as technological progress and civilization lead the field of air 
conditioning. The Society is only as strong as the participation which it receives from 
its membership. Judged by this standard it has an outstanding present and great 
promise for the future. 


Respectfully submitted, 
Batpwin M. Woops 
President 
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TREASURER’S REPORT 


J. F. Collins, Jr., treasurer of A.S.H.V.E., said that the Society’s financial picture 
begins with the budget. The Secretary, in line with the budget and on instructions 
from Council, disburses money for expenditures. Periodically, the Secretary supplies 
the treasurer—who has custody of all the money originally—with statements as to 
disbursements, and, from time to time, the treasurer, on approval of the president and 
the chairman of finance, replenishes the bank accounts of the Secretary with the 
necessary funds to carry on. The treasurer does not keep any books; he depends upon 
the reports which he gets periodically from the Headquarters Office and on the audit 
which is made once a year by a Certified Public Accountant appointed by the Council. 
An explanation of the audit follows. 


Our fiscal year ends October 31, so these figures cover the last two fiscal years, 
the period 1945-46; and the year ending October 31, 1947. 


The auditor separates Society activities into three divisions: (1) Society—the 
activities which the Society undertakes for its members; (2) THe Gute; (3) 
Research. 


In regard to the Society, for the fiscal year which ended October 1946, the total 
income was $76,024; the expense was $79,618; thus, for the Society, or the member- 
ship, $3,594 more was expended than was received. The same condition existed for 
the year ending October 31, 1947. Income was $86,083, expense—$102,959, a difference 
of $16,876. This was anticipated in the budget. The budget difference was $16,185 
in the red. 


The additional income from publications is due to an increase in the number of 
Guides published (2,000 more were published because of the demand this past year) 
and an increase in advertising rates. 


Research is difficult to budget. It gets 40 percent of the dues of members and 
associates each year, but just how much will come from other sources cannot be 
predicted. The income the year before last for Research was $48,922; the expenses 
were $60,702. The difference between expenses and income was $11,779 in the red. 
This past year about the same condition existed, except that the figures were much 
larger. The income was $72,443.05, but the expenditures were $82,032.59 leaving a 
deficit of $9,589.54. 


Thus, in 1945-1946, the total net income, or difference between income and expenses, 
was $726.94. The past year, our total expenses were $4,003 over our income, that is, 
in operating accounts. 

However, some capital items must be considered. For example, the year before last, 
new equipment for research amounted to $4,828. Initiation fees, which must be placed 
in Reserve, came to $7,593, and the real estate and properties cash disbursed was 
$49,527.27. 

This past year, equipment was bought totaling $2,637.23. Initiation fees to the 
Reserve Fund amounted to $6,669, and the real estate $2,143.57. On the whole, in 
operating accounts, more was spent than was taken in, but certain monies were put 
aside for capital reasons. 


This past year, Society dues were insufficient to cover the services that were 
rendered by the Society. In other words, in that particular account, there was a 
difference of $16,875 between dues, initiation fees, etc., and the amount spent for the 
membership. 


The present appraised value of the property in Cleveland is $137,000. The Society 
bought it two years ago for $70,000. The down payment reductions made since that 
time, leaves a balance of $10,962.79, which is needed to clear the debt on the 
Laboratory. 
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ACCOUNTANTS’ REPORT 


FRANK G. TUSA & CO. 
CERTIFIED PuBLiIc ACCOUNTANTS 
52 William Street 
New York 


AMERICAN Society oF HeatinG VENTILATING ENGINEERS 
51 Madison 
New York, N. Y. 


Gentlemen: 


Pursuant to your request, we examined the books of account and records of the AMERICAN Society 
or HEATING AND VENTILATING ENGINEERS—New York, N. Y., and the related funds for the fiscal year 
ended October 31, 1947, and submit herewith our report. 

The audit covered a verification of the Assets and Liabilities as of the close of business October 
31, 1947. Also, for the fiscal year then ended, the recorded cash receipts were traced into the 
depositories, the cancelled bank checks were inspected and compared with the record of cash dis- 
bursements, the disbursements were supported by payment vouchers and the dues income and the 
interest income from savings accounts and securities was accounted. 

A Balance Sheet reflecting the financial condition of the Society as of the close of business October 
31, 1947, is submitted herewith and your attention is directed to the following comments thereon: 


The cash on deposit was verified by direct communication with commercial and savings banks and 
reconcilement of the balances reported to us with those reflected by the books of the Society. A 
schedule of cash is included as part of this report. 

Checks representing the cash on hand for deposit were inspected by us and the petty cash counted. 
MARKETABLE SECURITIES 


The securities shown on the subjoined schedule were verified by direct communication with the 
Bankers Trust Company, where same are deposited for safe-keeping. This asset has been included 
in the balance sheet at the cost of acquisition plus the accumulated and accrued interest earned 
thereon. 


Accounts ReceIvaBLe 


A trial balance of the membership dues receivable taken as of the close of business October 31, 


1947, was classified as to bership and aged as follows: 

CLASSIFICATION Total 1947 1946 Prior 
Members............ $ 4,458.50 $3,220.50 $ 643.50 $ 594.50 
6,107.50 4,623.00 1,147.50 337.00 
413.00 287.50 85.50 40.00 

$10,979.00 $8,131.00 $1,876.50 $ 971.50 

CLASSIFICATION Totai October September Prior 
Guides (Advertising and Copy Sales)........ A $ 6,982.16 $3,397.45 $1,357.84 $2,226.87 
Transactions.......... ipidueses 336.09 12.50 61.45 262.14 
Books and Resrinta.. 460.64 87.63 80.86 292.15 
Art and Engraving 54.22 —0— 54.22 
Sundry........ 640.75 243.24 75 396.76 

TOTALS btaael $ 8.473.86 $3,740.82 $1,500.90 $3,232.14 


The reserves for dues and sundry accounts receivable doubtful of collection as provided in our 
opinion are ample. 


10 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


INVENTORIES 
The emblems and Transactions on hand on October 31, 1947, were counted by us and the GuipEe 
paper was verified by direct communication with the printers. All inventories were priced and com- 
puted by us. 
A schedule of Transactions inventories follows: 


Volume Year Quantity Price Amount 
Prior Prior 1,350 $1.00 $1,350.00 

47 1941 96 1.32 126.72 

48 1942 118 1.42 167.56 

49 1943 257 1.39 357.23 

50 1944 220 1.82 400.40 

51 1945 395 1.91 754.45 

EXCHANGES 


The open debits in this account represent accommodations for cuts and traveling expenses to 
council members. 


Mortcaces 


The Society holds a mortgage dated November 15, 1945, on which Cyril and Ada R. Tasker are 
jointly liable to a balance of $6,706.56. This indenture covers premises 3538 Edison Road, County 
of Cuyahoga, Cleveland Heights, Ohio, is payable in monthly installments of not less than $81.04 
including interest and matures on or before November 15, 1955. 


PERMANENT ASSETS 


The real estate, furniture and library were included herein per the book figures. During the current 
fiseal year the sum of $2,143.57 was expended in additional improvements to the building housing 
the Research Laboratory at Cleveland, Ohio. Depreciation of these assets has been provided for 
at the following annual rates: 


Building and Improvements. 
Furniture and Fixtures. 


Dererrep CHARGES 


We have deferred to future operations one-sixth of the subscriptions paid to Heating, Piping and 
Air Conditioning for the reason that subscriptions were paid on a calendar year basis while the 
fiscal year of the Society ends on October 3lst. We also deferred to future operations promotion 
expenses of Guipe copy sales incurred for the 1948 Guipe. Prepaid costs on Volume 53 of the 
TRANSACTIONS were also deferred. 


Accounts PAYABLe 


All purchase invoices found on file that were applicable to the operations of the current fiscal 
period were listed and the proper liability therefor reflected in the attached balance sheet. 


Taxes WITHHELD 


The sum of $562.60 represents Federal Income Taxes withheld from salaries paid to employees dur- 
ing the month of October, 1947. 


Income 


We have reflected as deferred income on the subjoined Balance Sheet the following dues prepaid 
to the Society as of October 31, 1947: 
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ELECTED MEMBERS 


Members.. $520,98 

Associates 704.51 

93.00 
Students.............. 27.50 $1,345.99 
PROPOSED MEMBERBG............... 351.00 


Reserve FoR PusticaTions 


In accordance with provision made in the 1947 Budget we have reserved the sum of $6,000.00 to 
cover publication of Transactions, Volume 53. 


Mortcacs 


The mortgage payable on the real estate located at 7218 Euclid Avenue, Cleveland, Ohio, held by 
the Cleveland Trust Co. was verified by direct communication. This indenture is dated February 11, 
1946, matures on February 11, 1956, and bears interest at the rate of four and one-half (444%) per- 
cent per annum payable quarterly together with installments of $875.00 each on March 15th, June 
15th, September 15th and December 15th. The original mortgage of $35,000.00 has been reduced by 
installments and payments on account so that on October 31, 1947, there was a balance due of 
$20,125.00. There is held in reserve in the MORTGAGE PAYABLE REDUCTION FUND the sum 
of $8,720.98 for the further reduction of the said mortgage. 


Funps 
An Analysis reflecting the changes that occurred in the following Funds during the fiscal year 
ended October 31, 1947, has been made ea part of this report: 
General Fund 
Reserve Fund 
Endowment Fund 
F. Paul Anderson Fund 
Mortgage Payable Reduction Fund 


Income aND EXPENSES 


A Statement in summary form reflecting the Income and Expenses and comparable items budgeted 
for the fiscal year ended October 31, 1947, of the Society Guipe and Research follows: 


SociETY Actual Budget 
Less: Expenses 100,485.00 

NET OvutT-Go 16,185.00 

GuIDE 

72,235.79 72,715.00 
22,461.50 5,985.00 

RESEARCH 
...$ 72,443.05 $ 75,000.00 


$ 9,589.54 —0— 
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ComBINED SOCIETY AND RESEARCH 


CAPITAL ITEMS 

New Equip tfor R —0— 
Initiation Fees to Reserve Fund.. Eee 6,669.00 7,500.00 
Improvements to Real Estate............ 

$ 7,500.00 


Respectfully submitted, 


Frank G. Tusa & Co. (signed) 
Certified Public Accountants. 
Dated January 12, 1948 


BALANCE SHEET 


American Society of HEatinG AND VENTILATING ENGINEERS 
New York, N. Y. 
October 31, 1947 


ASSETS 
° GENERAL FuND 

CasH 

On Deposit $32,704.14 

‘ 100.00 $32,804.14 

INVESTMENTS (AT Cosr) 

Securities (Market Value $37,426.41)........ 34,439.50 

Add: Accumulated $ 2,406.40 

Add: Accrued Interest........ Git 125.00 2,531.40 36,970.90 
Accounts RECEIVABLE 

Membership 10,979.00 

Less: 40% for Research...........0..00.00.00...... 4,226.40 

Less: Reserve for Doubtful 2,046.89 6,273.29 

4,705.71 

Advertisers and Sundry Debtors 8,473.86 

Less: Reserve for Doubtful... 112.50 8,361.36 13,067.07 
INVENTORIES 

Emblems........ 167.64 

Guwe Paper 7,396.78 10,720.78 
EXCHANGES............ 409.75 
MORTGAGE RECEIVABLE...... 6,706.56 
PERMANENT 

Land and Building... 70,120.80 

Improvements............ 14,800.16 


Note A" —This Balance Sheet is subject to the comments contained in the letter attached to and 
forming a part of this report. 
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84,920.96 
Less: Reserve tor Depreciation.................. 2,461.65 82,459.31 
Furniture and Fixtures....... : 3,606.32 
Less: Reserve for Depreciation.......... : 1,832.40 1,773.92 84,533.23 
DEFERRED CHARGES 
Prepaid HPAC Subscriptions ..... 1,835.77 
1948 Promotion...... 1,040.08 
TRANSACTIONS—Volume 53 59.21 2,935.06 $188,147.49 
RESERVE 
CASH 
On Deposit.......... 6,352.20 
Securities at Cost (Market Value 
$43,647.80)... 40,145.00 
Add: Accumulated Interest : 3,502.80 43,647.80 50,000.00 
F. ANDERSON FUND 
CasH 
On Hand for Deposit.... 25.00 59.61 
Securities at Cost (Market Value 
Add: Accrued Interest...... 12.50 1,012.50 1,072.11 
MORTGAGE PAYABLE REDUCTION FUND 
CASH 
On Deposit 7,786.28 
On Hand for Deposit 934.70 8,720.98 
$247,940.58 
LIABILITIES AND FUNDS 
GENERAL FUND 
LIABILITIES 
ACCOUNTS PAYABLE...... $ 11,685.14 
DvE TO RESEARCH FUND ........ 6,930.58 
FEDERAL WITHHOLDING TAX Pe 562.60 
ACCRUED ACCOUNTS 
Additional Compensation— Employees 6,840.83 
DEFERRED INCOME 
Prepaid Membership Dues...................... $1,345.99 
Less: 40% Prepaid to Research..... : 490.20 855.79 
Dues Prepaid by Candidates for Membership see 351.00 
Initiation Fees Prepaid by Candidates for Membership 1,100.00 2,306.79 
RESERVE FOR PUBLICATION 
TRANSACTIONS (1947) Volume 53........ 6,000.00 
MORTGAGE PAYABLE 
Cleveland Trust Company.............. 


RESERVE 
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F, ANDERSON FUND 
Unexpended income. 38.13 1,072.11 
MorTGAGE PAYABLE REDUCTION FUND 
$247,940.58 
BUDGET COMPARISON—SOCIETY ACTIVITIES 
American Society of HeatinG AND VENTILATING ENGINEERS 
New York, N. Y. 
For the Fiscal Year Ended October 31, 1947 
MEMBERSHIP INCOME Actual Budgeted Increases Decreases 
Dvues—RENEWALS 
100— Members. 26,966.40 26,000.00 966.40 $ 
21,662.10 21,600.00 62.10 
15.00 75.00 60.00 
50,503.50 50,175.00 1,028.50 700.00 
Dues—NEW MEMBERS 
1,836.00 3,240.00 1,404.00 
4,557.00 2,600.00 1,957.00 
969.50 1,000.00 30.50 
411.00 75.00 336.00 
7,773.50 6,915.00 2,293.00 1,434.50 
TOTAL DUES  § 58,277.00 $ 57,090.00 $ 3,321.50 2,134.50 
OTHER INCOME 
108—Initiation Fees... 6,669.00 7,500.00 831.00 
109-110—Emblems end Certificate Frames 399.41 700.00 300.59 
7,068.41 8,200.00 —0— 1,131.59 
ToTaL INCOME FROM MEMBERG.............. $ 65,345.41 $ 65,290.00 $ 3,321.50 $ 3,266.09 
INCOME FROM PUBLICATIONS 
115—Editorial Contract.. 17,500.00 17,250.00 250.00 
116—GuweE Sales and Advertisements. 22,461.50 5,985.00 16,476.50 
117—Sale of TRANSACTIONG............ Ji 1,777.47 600.00 1,177.47 
118—Income from Books, Reprint, Ete... 482.45 500.00 17.55 
119—Sales Codes.............. 72.09 10.00 62.09 
120—Servicemen’s Fees. 92.00 50.00 42.00 
42,385.51 24,395.00 18,008.05 17.55 
INCOME FROM INVESTMENTS 
125—Interest—Savings A/C..................-00004 123.69 50.00 73.69 
330.00 250.00 80.00 
127—Interest—Cert. of Indebt....................... 14.86 —0— 14.86 
310.36 300.00 10.36 
778.91 600.00 178.91 
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PROFIT FROM SALE OF FURNITURE.............0..000065 35.00 35.00 
TOTAL CURRENT INCOME.....0......0.000000000008 108,544.83 90,285.00 21,543.47 
COLLECTION OF Prior YEARS DUEG.................. 2,729.30 2,000.00 729.30 
TOTAL $111,274.13 $ 92,285.00 $ 22,272.77 $ 3,283.64 
OPERATING EXPENSES 
150—President’s 1,780.93 2,500.00 719.07 
151—Council Travel to Meetings.................. 3,600.29 3,500.00 100.29 
160—Executive 100.00 100.00 
161—Finance Committee 3 38.91 200.00 161.09 
162—Membership Committee........................ 71.91 2,000.00 1,928.09 
170—Admissions and Adv. Comm................. 582.77 500.00 82.77 
171—Constitution and By-Laws.................... 275.61 100.00 175.61 
172—Nominating Committee.......................... 1,955.05 2,000.00 44.95 
173B—Chapter Delegates Committee............ 2,829.52 4,000.00 1,170.48 
173C—Chapter Relations... iiheliadauas 88.12 250.00 161.88 
173D—Kardex Books to Chapters. bccciececiabak 138.92 50.00 88.92 
201—A.S.A.—Membership.............................. 100.00 100.00 —0— 
204— Membership Certificates. 920.55 500.00 420.55 
206—Medals and Awards........................:00008 147.86 250.00 102.14 
12,530.44 16,050.00 868.14 4,387.70 
MEETING EXPENSES 
163— Meetings... 3,363.14 2,500.00 863.14 
173A—Speakers t to o Chapters... ea 1,558.96 1,500.00 58.96 
327—Chapter Meeting Allowance. 900.00 900.00 
5,822.10 4,900.00 922.10 
PUBLICATION EXPENSES 
200— Members Subscriptions H.P.A.C......... 11,012.15 10,000.00 1,012.15 
202—TRANSACTIONS.... 13,831.98 5,500.00 8,331.98 
203— Membership Roll.. 2,267.47 1,500.00 767.47 
164—Standards (Including Codes)................ 35.50 150.00 114.50 
27,147.10 17,150.00 10,111.60 114.50 
HEADQUARTERS EXPENSES 
210—Salaries—Secretary and Staff................ 32,751.01 39,000.00 6,248.99 
211—Additional Compensation...................... 6,920.92 4,000.00 2,920.92 
212—Traveling—Secretary and Staff............ 1,987.21 1,500.00 487.21 
4,101.39 4,000.00 101.39 
1,227.44 900.00 327.44 
215—Telegraph... 540.38 400.00 140.38 
3,750.91 2,500.00 1,250.91 
BIB 1,926.00 750.00 1,176.00 
219—Addressing and Address Changes........ ; 235.71 250.00 14.29 
220—Professional Services... Me sama 1,535.50 3,100.00 1,564.50 
55.53 100.00 44.47 
222—Depreciation—Furniture and Fixtures 327.44 250.00 77.44 
223—General Office Expense....................2...+. 1,753.78 1,000.00 753.78 
224—Pension—October 1, 1947...................... 80.09 2,000.00 ‘ 1,919.91 
TOTAL HEADQUARTERS EXPENSEG.......... 58, 102.38 60,550.00 7,344.54 9,792.16 
Less: 30% Charge to GUIDE.................. 17,430.71 18,165.00 —0— 734.29 
40,671.67 42,385.00 7,344.54 9,057.87 


a} 


16 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


PROVISION FOR UNCOLLECTIBLE DUEBS.......... 2,297.37 2,297.37 
RESEARCH FuUNb RaltsinG CAMPAIGN........ 9,490.37 15,000.00 5,509.63 
ALLOCATION TO RESEARCH FUND.................... 5,000.00 5,000.00 
INITIATION FEES TO RESERVE FUND.............. 6,669.00 6,669.00 
23,456.74 20,000.00 8,966.37 5,509.63 


TOTAL EXPENDITURES...... . $109,628.05 $100,485.00 28,212.75 $ 19,069.70 


BUDGET COM PARISON—Gvuwe 
AMERICAN Society of HeatinG ano VENTILATING ENGINEERS 


New York, N. Y. 


$ For the Fiscal Year Ended October 31, 1947 
Actual Budgeted Increases Decreases 
INCOME 
116—GueE Advertisements . $ 43,477.98 $ 41,200.00 $ 2,277.98 $ 
GumweE Copy Sales.............. ; 51,219.31 37,500.00 13,719.31 


$ 94,697.29 $ 78,700.00 $ 15,997.29 


Cost oF GuIpE 


Paper . $ 7,870.30 $ 5,000.00 2,870.30 $ 
Composition and Presswork . 16,841.34 18,000.00 1,158.66 
Binding ; 11,038.25 10,500.00 538.25 
Cartons 3,803.99 650.00 3,153.99 
Engraving and Artwork 1,006.46 800.00 206.46 
j Editorial Salaries 2,583.28 3,000.00 416.72 
Editorial Survey 130.29 —O0-- 130.29 
$3,273.91 37,950.00 6,899.29 1,575.38 


ADVERTISING SALES PRODUCTION 


Salaries and Commissions 3,108.13 5,000.00 1,891.87 
Booklets, Printing, Postage 436.03 1,000.00 563.97 
lraveling, Etc. 223.56 750.00 526.44 

3,767.72 6,750.00 2,982.28 


Copy SALES PROMOTION AND DISTRIBUTION 


Printing, Multigraphing, Etc. ’ 1,264.15 2,500.00 1,235.85 
Mailing, Express and Postage...... 5,713.63 6,500.00 786.37 
Indexing —0— 100.00 100.00 
6,977.78 9,100.00 2,122.22 

Gume ComMMITTEE EXPENSE 785.67 750.00 35.67 
TOTAL...... x 54,805.08 54,550.00 6,934.96 6,679.88 
APPORTIONABLE EXPENSES. ; 17,430.79 18,165.00 734.29 
Guipe Gross EXPENSE... 72,430.71 72,715.00 6,934.96 7,414.17 


$ 9,062.33 $ 7,414.17 
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FRANK G. TUSA & CO. 


CERTIFIED PuBLic ACCOUNTANTS 
52 William Street 
New York 


Research Laboratory of the 

AmerIcAN Society or HeaTING VENTILATING ENGINEERS 
51 Madison Avenue, 

New York, N. Y. 


Gentlemen : 


Pursuant to your request, we examined the books of account and records of the Research Labora- 
tory of the American Society or HEATING AND VENTILATING ENGINEERS—Cleveland, Ohio, and New York, 
N. Y., for the fiscal year ended October 31, 1947, and submit herewith our report. 

The audit covered a verification of the Assets and Liabilities as of the close of business October 31, 
1947. Also, for the fiscal year then ended, we traced the recorded cash receipts into the depositories; 
we inspected the cancelled bank checks which we compared with the record of cash disbursements; 
we supported the disbursements by payment vouchers; we accounted for the dues income and 
interest income from savings accounts. 

A Balance Sheet reflecting the financial condition of the Researeh Funds as of the close of busi- 
ness October 31, 1947, is submitted herewith and your attention is directed to the following com- 
ments thereon : 


CasH 
The Cash on Deposit was verified by direct communication with Commercial and Savings Banks 
and reconcil t of the bal reported to us with those reflected by the books of the Laboratory: 
Checks representing the Cash on Hand for Deposit were inspected by us. 
Petty Cash and the Traveling Imprest Fund are included per verification from the Cleveland Office. 


PERMANENT 


The Director of Research furnished us with schedules of Instruments, Equipment, Furniture and 
Fixtures of which summaries follow : 


Equipment Value Depreciation Balance 
Constructed............ P 800.00 160.00 640.00 

$26,566.96 $ 8,219.50 $18,347.46 
$11,734.85 $ 4,193.86 $ 7,540.99 
Laboratory Equipment.... Pit 7,293.79 2,225.46 5,068.33 
Furniture and Fixtures.................. 7,538.32 1,800.18 5,738.14 

$26,566.96 $ 8,219.50 $18,347.46 


The purchased equipment has been valued at cost, the constructed equipment has been appraised 
as at the date of completion and the donated equipment has been stated at market value. In addi- 
tion the laboratory possesses fully depreciated equipment having a residual value of $522.50 which 
has not been reflected in the Balance Sheet. 


AccounTs PAYABLe 


All purchase invoices found on file that were applicable to the operations of the current fiscal 
period were listed and the proper liability therefor reflected in the attached Balance Sheet. 


Dererren INcoME 


We have allocated to future operations the income applicable to the uncompleted portion of the 
projects or to be commenced. 

Exposition contributions in the sum of $8,598.69 representing the excess over $7,500.00 have been 
deferred to future operations in accordance with Council’s resolution contained in the minutes of 
April 14, 1947. 
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Funps 

Mr. C. F. Roth of the International Exposition Co. turned over to the Laboratories the additional 
sum of $4,000.00 which resulted from economies in the operation of the Cleveland show. 

In accordance with the Council Minutes of April 15, 1947, we recommended that this sum could 
be applied “‘toward any improvement that would produce recurring benefits and would be useful 
over a long period; or that it be used as a reserve fund against the time when the Research Income 
becomes reduced and may need stabilization in periods of depression, or in the alternate years when 
the Exposition is not held.” 

Based on the foregoing we set-up the sum as a Reserve Fund on the subjoined Balance Sheet. 

An Analysis of the Research Fund reflecting the changes that occurred therein during the fiscal 
year ended October 31, 1947, also is included herein. 


INSURANCE 


The following fire insurance coverages are being carried by the Research Laboratories which con- 
tain unexpired premiums in the sum of $747.08: 


Respectfully submitted, 


Frank G. Tusa & Co. (signed) 
Certified Public Accountants 
January 12, 1948 


BALANCE SHEET 


American Society oF HeatinG AND VENTILATING ENGINEERS 
Research Fund 
New York, N. Y. 
October 31, 1947 


ASSETS 


RESEARCH FUND | 
CasH | 
On Deposit | 
Treasurer's Account—Bankers Trust $ 786.33 
Secretary's Account—Chase National Bank.................. 8,737.89 
Director's Account—Cleveland Trust 1,090.25 
Thrift Account—Bank for Savings. 5,447.04 $16,061.51 


On HAND FOR DEPoOsiIT 
413.99 
Own Hand 


PERMANENT 

Laboratory Equipment, Furniture and Fixtures................ 26,566.96 

Less: Reserve for Depreciation. 8,219.50 18,347.46 


DererRReD CHARGES 
Unexpired insurance 747.08 
RESEARCH ENDOWMENT FUND 
Cash ON Deposit 


$43,684.29 
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LIABILITIES AND FUND 


RESEARCH FuND 


ACCOUNTS PAYABLE 

ACCRUED ACCOUNTS 
Interest on 


FEDERAL WITHHOLDING 
DEFERRED INCOME PROJECTS 
Technical Advisory Committee on Glass.. 
Sound Energy Studies............... > 
Weather Design 
Heat Losses Due to Infiltration.................. 


EXPposITION 


DvuEs—MEMBERS AND ASSOCIATES 
40 Percent of 1947 Dues—Prepaid in 1947 


RESEARCH 


TOTAL RESEARCH LIABILITIES AND FUNDS 
RESEARCH ENDOWMENT 


Principal 
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American Society oF HeaTinG AND VENTILATING ENGINEERS 


For the Fiscal Year Ended October 31, 1947 


INCOME 


CONTRIBUTIONS 


ExPENsES 


Committee 
Staff Salaries 
Laboratory 
Laboratory 
Cooperative 


$ 250.00 
$ 1,750.00 
113.20 
91.41 1,954.61 
587.92 
$ 7,291.37 
1,859.45 
574.39 
104.90 
188.75 10,018.86 
8,598.69 18,617.55 
490.20 $21,900.28 
4,000.00 
17,150.34 21,150.34 
43,050.62 
633.67 
$43,684.29 
BUDGET COMPARISON 
Research Fund 
New York, N. Y. 
Budget 
Actual Provision Increases Decreases 
$33,695.61 $36,000.00 $ $ 2,304.39 
5,000.00 5,000.00 
7,500.00 7,500.00 
7,183.00 10,500.00 3,317.00 
19,047.49 16,000.00 3,047.49 
16.95 16.95 
$72,443.05 $75,000.00 $ 3,064.44 $ 5,621.39 
$ 2,047.48 $ 1,000.00 $ 1,047.48 
48,376.02 45,950.00 . 2,426.02 
15,156.06 11,950.00 3,206.06 
9,108.95 8,500.00 608.95 
7,344.08 7,600.00 255.92 
$82,032.59 $75,000.00 $ 7,288.51 $ 255.92 
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Report oF CouNCcIL 


The Council for 1947 was organized at Cleveland, Ohio, January 30, at the Hotel 
Statler with only one member absent. 

Selection of meeting places for 1948 meetings were made and the 1949 Annual 
Meeting place was approved. 

President Woods announced the appointment of Council and Special Committees, 
and appointment of the Secretary. 

Other routine business included the selection of depositories for Society funds, 
approval of the lease for the headquarters office in New York, reappointment of the 
Society’s Certified Public Accountant and authorization to make a substantial pay- 
ment from the mortgage reduction fund. 

President Woods announced the appointment of two committees, one on Business 
and Financial Operations, and the other on Society Administrative Problems with 
E. N. McDonnell and Dean L. E. Seeley, respectively as chairmen. 

In April the Council held its spring meeting at the Hotel Stevens, Chicago, and all 
Officers were present and 10 of the 14 Council Members were in attendance. 

The report on the 1948 Exposition indicated that a large part of the available space 
at Grand Central Palace, New York, was under reservation. 

The Council received reports on the progress of research work, the fund raising 
activities, and recommendations from the Meetings Committee on future meeting 
places until 1950. 

The Finance Committee recommended new advertising rates for the HEATING VENTI- 
LATING Air CoNDITIONING GuIDE effective in 1948, based on greatly increased distri- 
bution of the Society’s official handbook. The Finance Committee also reported further 
reduction in the mortgage by payment of an installment June 15. . 

A report on the development of the Pension Plan for staff members and the 
progress being made in assembling historical data by the History Committee were 
presented. 

The June meeting of the Council was held at Coronado, Calif., with 12 of the 18 
Officers and Council Members in attendance. 

The Membership Committee reported a total membership of the Society in excess of 
5,500. The Meetings Committee suggested a list of possible subjects for papers to be 
discussed at the 54th Annual Meeting. 

The Committee on Promotion of Research brought a number of questions and sug- 
gestions before the Council with regard to research procedure as it involved fund 
raising plans. 

Reg F. Taylor, chairman of the Chapter Relations Committee, gave a detailed 
report and outline of seven items which were under consideration, the object of which 
was to assist Chapters. 

The Council nominated five members to serve on the Committee on Research for a 
three-year term. 

The Fall Meeting of Council was held in Pittsburgh on November 10, and 15 of the 
18 Council Members were in attendance. 

Upon a favorable report from the Executive Committee, the Exchange Service Plan 
with the A.S.R.E. was recommended for the coming year. A special design for a 
Chapter past president’s emblem was authorized. 

The Finance Committee presented a budget for 1948 covering the fiscal year ending 
October 31, 1948. 

After adjustment of some items, approval was given to the budget and estimated 
income of $294,900 and expenditure of $294,050. This included the budget for research 
of $96,100. 

The report of the Special Committee setting membership grades was received and 
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its recommendations referred to the special committee on Administrative Organization 
and the Constitution and By-Laws Committee. 

E. N. McDonnell reported on the work of the Business and Financial Operation 
which had developed a 10-year agreement for handling the Expositions. 

The Committee on Constitution and By-Laws reported on the amendments to the 
By-Laws and indicated that it had consulted legal counsel so that the amendments 
would be in harmony with the New York State Membership Corporation Law and the 
new Charter of the Society. The Committee planned to submit a streamlined version 
of the Constitution and By-Laws for later consideration. 

As required by the Constitution, the Council selected four members of the Nomi- 
nating Committee and an Alternate as follows: R. H. Carpenter, New York; John 
James, Cleveland; John E. Haines, Minneapolis; Art Theobald, Los Angeles; and 
H. King McCain, Atlanta, Alternate. 

J. F. Collins, Jr., Chairman of the Pension Committee reported that the pension 
plan previously authorized by Council had been made effective as of October 1, 1947 
for participation by two members of the headquarters staff and four of the Laboratory 
staff. 

The F. Paul Anderson award was voted to James H. Walker, Detroit, for his out- 
standing contributions to the advancement of heating, ventilating and air conditioning 
as an engineer, executive and author and for his many distinguished services to the 
A.S.H.V.E. which were rendered without thought of reward but only to give aid to 
his fellow members of the profession. The medal was presented to Mr. Walker before 
his untimely death on December 2, 1947. 

The Meetings Committee reported on the details of the Annual Meeting Program. 

During the meeting required action was taken on resignations, cancellation for 
nonpayment of dues and the voting of Life Membership to 15 members. All manda- 
tory duties imposed by the Constitution and By-Laws of the Society were carried out. 


Respectfully submitted, 


B. M. Woops, President 
Joun F. Corrins, Jr., Treasurer 


REPORT OF THE SECRETARY 


The work of the Secretary’s office in 1947 has been greatly increased because of a 
continuously growing membership, an expanded production and distribution of Society 
publications, many additional administrative problems resulting from the faster tempo 
of research aud other major committee activities, with the attendant, larger cor- 
respondence and more detailed record keeping. 

The Secretary’s office has carried out all of the duties assigned of keeping all mem- 
bership and financial records, handling elections of new members, handling all changes 
of addresses, editing the monthly JouRNAL, preparing the TRANSACTIONS and publish- 
ing THE Guipe. A new function was the production of the research bulletins, just 
out, which required several hundred hours of staff time to prepare them for printing. 

The planning of meeting programs involves much detailed effort with the com- 
mittees in charge of arrangements. 

The Secretary’s office handles the arrangements for the trips of officers and all 
other speakers visiting Chapters, and during this year the following were included: 
Officers visited 13 Chapters and speakers visited 40 Chapters. 

It is significant that between 800 and 900 members are serving on the many com- 
mittees responsible for Society’s extensive operations of which about 200 devote their 
work to research. 

The Society, with 6000 members, has become a good sized operation involving an 
annual income of $180,987.88 and an expenditure of $168,203.90. 
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To give just a glimpse of some of the work that goes through the Secretary’s office 
during the year, it might be enlightening to the members to ask—Did you Know? 

That the Society received 979 applications for membership? 

That the President and Secretary signed 1000 membership certificates? 

That the Society issued 1800 checks which required the Secretary’s signature? 

That the Secretary received 18,000 checks? 

That labels for 16,800 users of THE GuIpE were addressed? 

That 6000 changes of addresses were received? 

That 60,000 sheets of stationery and over 100,000 envelopes were used? 

To carry on the work the staff numbers 14 at the moment and is a little short 
handed to meet our requirements effectively. 

As a result of a special survey recently completed, it is anticipated that some 
administrative improvements can be introduced during the coming year in order to 
give more adequate service to the members. 

It is appropriate to express sincere appreciation to the officers and committees who 
devoted so much of their time to Society work and to pay special tribute to my 
associates on the staff who did so much to carry on the Society’s work under the 
many trying conditions which were encountered in 1947. 


Respectfully submitted, 


A. V. Hutcuinson, Secretary 


New ConstTitTuTIon ADOPTED 


Preceding the report and discussion on the Constitution, President Woods 
described the background of the Constitution and By-Laws and observed that 
it was found necessary to change the election procedure in order to conform 
with the law of the State of New York relating to membership corporations. 

The preparation of the new document was a fairly difficult undertaking, 
because the initial Constitution was not merely changed in wording in places, 
but order and references were changed, and making up those preparatory docu- 
ments was quite a task. With the burden upon the officers this year, it has 
been quite difficult to accomplish everything that was desired. But many things 
were done, however, that were helpful. I ask the members to think over the 
things that have been done for the membership before criticism of any omissions 
is offered. 

I now turn the discussion over to S. H. Downs, chairman of the Committee on 
Constitution and By-Laws. 


REPORT OF THE COMMITTEE ON CONSTITUTION AND By-Laws 


Before we discuss the revised By-Laws that will come up for vote, I would like 
on behalf of the present Constitution and By-Laws Committee, and I am sure I speak 
for the Officers and members of the Society also, to pay tribute to the memory of Wil- 
liam T. Jones, who died last summer. Mr. Jones was formerly chairman of the Con- 
stitution and By-Laws Committee and worked in this capacity until the time of his 
death. I was then appointed as chairman of the committee. 

Your committee has met several times during the year and has tried to operate 
strictly in accordance with the instructions incorporated in the Constitution and 
By-Laws. 

In accordance with those instructions, on November 17, the Constitution and By- 
Laws Committee presented to the Council a final draft of the new Constitution 
and By-Laws. 
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CONSTITUTION and BY-LAWS 


CONSTITUTION 


ARTICLE C-I—Name, Objects and Government 


Section 1. The name of this Society is THz American Society oF HEATING 
AND VENTILATING ENGINEERS. 


Section 2. The Society is a membership corporation organized September 10 
1894, and chartered under the laws of the State of New York, January 24, 1895. 
Certificates of amendment were filed on May 20, 1914 and on March 8, 1946. 


Section 3. The Society is organized to advance and cultivate the arts and 
sciences of heating, ventilating and air conditioning and the allied arts and 
sciences. The Society’s purposes and powers are fully set forth in its certificate 
of amendment filed March 8, 1946. 

Section 4. The Society shall be governed by the provisions contained in its 


Charter and by this Constitution, the By-Laws and the Rules. 


ARTICLE C-II—Membership 


Section 1. Persons interested in the arts and sciences related to heating, 
ventilating or air conditioning are eligible for admission into the Society. 


Section 2. The membership of the Society shall consist of Honorary Mem- 
bers, Presidential Members, Life Members, Members, Junior Members, Asso- 
ciate Members and Student Members. 


Section 3. An Honorary Member shall be a person of acknowledged pro- 
fessional eminence. 


Section 4. A Presidential Member shall be a Past President of the Society. 


Section 5. A Life Member shall be a Member or Associate Member who has 
paid dues as such for thirty (30) years and who has reached the age of 
sixty-five (65). 

Section 6. A Member shall be over thirty (30) years of age and shall have at 
least eight (8) years’ experience in the sciences relating to the arts of heating, 
ventilating or air conditioning. He shall have been in active practice of his 
profession and in responsible charge of important engineering work for four (4) 
years, consisting of design, construction, research, development or teaching, and 
shall be qualified to design or direct such engineering work. 


Section 7. A Junior Member shall be a person over twenty (20) years and 
under thirty (30) years of age, who has had three (3) years’ experience in the 
sciences relating to the arts of heating, ventilating or air conditioning. Each 
successfully completed year in an engineering school may be considered equiva- 
lent to one (1) year of such work. 


Section 8. An Associate Member shall be twenty-five (25) years of age or 
over. He need not be an engineer, but must have been so connected with some 
branch of engineering or the art of heating, ventilating, air conditioning or the 
the industries relating thereto, that he may be considered as qualified to 
co-operate with heating and ventilating engineers in the advancement of pro- 
fessional knowledge. 
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Section 9. A Student Member shall be a person who is regularly attending 
courses in an engineering college or technical school at the time of applying 
for membership. 


Section 10. All grades of membership shall have equal standing in the 
Society, excepting as follows: 


(a) Junior Members and Student Members shall have no vote nor hold 
office in the Society. 


(b) Associate Members shall be entitled to vote on all matters submitted, 
but shall not be entitled to hold office in the Society. 


Section 11. Mining, civil, electrical, mechanical, naval or government engi- 
neers, chemists, physicians, scientists, or architects, who are qualified by reason 
of their experience in designing, improving, inspecting, investigating or develop- 
ing the arts or sciences of heating, ventilating or air conditioning, are also 
eligible to membership. 


ARTICLE C-III—Admission and Advancement 


Section 1. Honorary Members shall be nominated by at least ten (10) mem- 
bers of the Society. The grounds upon which the nomination is made shall be 
presented to the Council in writing and be signed by the ten (10) proposers. 


Section 2. Election to any grade of membership in the Society except 
Honorary Member, Presidential Member and Life Member shall be by an 
affirmative vote of two-thirds of the Council. 


Section 3. When a Junior Member reaches the age limit of his grade, he 
shall be automatically transferred to Associate grade unless he has applied for 
and has been elected to Member grade. 


Section 4. When a Student Member discontinues his regular studies in an 
engineering college or technical school, he shall be transferred to Junior grade, 
if he has attained its qualifications, unless he has applied for or has been elected 
to Associate grade. In no case shall the period of Student Membership exceed 
four (4) years. 


ARTICLE C-IV—Admission Fees and Dues 


Section 1. Admission fees and dues shall be as provided in the By-Laws. 


ARTICLE C-V—tThe Council 


Section 1. The affairs of the Society shall be managed by a Board of Direc- 
tors chosen from among the persons entitled to vote, which shall be styled “The 
Council.” It shall consist of the President, First Vice-President, Second Vice- 
President, Treasurer, the last living Past President and twelve (12) elected 
members, four (4) of whom shall be elected each year to hold office for three 
(3) years. The Chairman of the Committee on Research shall be an ex-officio 
member of the Council. The Secretary may take part in the deliberation of the 
Council, but shall have no vote therein. 
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Section 2. The Council shall regulate its own proceedings and may delegate 
specific powers to any Committee or to any one or more members by resolution. 


Section 3. Should a vacancy occur in the Council or any elective office except 
President, and First and Second Vice-Presidents through death, resignation or 
other cause, the Council shall elect a Member to fill the vacancy, pending the 
next annual election. 


Section 4. Each member of the Council or director is hereby indemnified and 
held harmless by the corporation against expenses actually and necessarily 
incurred by him in connection with the defense of any action, suit or proceeding 
in which he is made a party by reason of his being or having been a director of 
the corporation, except in relation to matters as to which he shall be adjudged in 
such action, suit or proceeding, to be liable for wilful negligence, misfeasance or 
misconduct in the performance of his duties as director; such right of indemni- 
fication shall not be deemed exclusive of any other right to which he may be 
entitled under any by-law, agreement, vote of otherwise. 


Section 5. No act of any Committee or any delegate shall be binding until it 
has been approved by a resolution of the Council. 


Section 6. No act of the Council shall be impeached by any member after the 
close of the meeting of the Society next subsequent thereto. 


ARTICLE C-VI—Officers and Executives 


Section 1. The officers shall perform the duties usually pertaining to their 
respective offices and such other duties as may be provided for in the By-Laws 
and Rules or required of them by the Council. 


Section 2. The Council at its first meeting after the Annual Meeting shall 
appoint a Secretary of the Society for one (1) year. The Secretary shall be 
subject to removal for cause by affirmative vote of two-thirds of all the members 
of the Council by written ballot. 


ARTICLE C-VII—Meetings 


Section 1. The Annual Meeting of the Society shall commence during the 
thirty (30) day period beginning with the fourth Monday in January, at such 
place as the Council may designate, and shall continue from day to day as the 
Council may arrange. 


Section 2. A Semi-Annual Meeting or regional meetings may be held at such 
times and places as the Council may elect. 


Section 3. Special meetings of the Society may be called at any time at the 
discretion of the Council or shall be called by the President, at a location deter- 
mined by the Council, upon written request from the Boards of Governors of a 
majority of the Chapters. The notices for such meetings are to be sent out by 
the Secretary at least twenty (20) days and not more than forty (40) days 
before the date of the meeting, and are to state the business for which such 
meeting is called and no other business shall be entertained or transacted at 
that meeting. 
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ARTICLE C-VIII—Committees 


Section 1. All committees shall be appointed or elected as provided in the 
By-Laws. 


ARTICLE C-IX—Election of Officers 


Section 1. The President, First Vice-President, Second Vice-President, 
Treasurer and four (4) members of the Council shall be elected annually by 
ballot, as provided in the By-Laws. 


Section 2. The term of all elective Officers shall begin on the adjournment of 
the Annual Meeting of the Society. An Officer shall continue in office until his 
successor has been elected and installed. 


ARTICLE C-X—Local Chapters 


Section 1. Local Chapters of the Society, composed of Members of all grades 
may be organized at the discretion of the Council. Such Chapters shall operate 
in a manner that will not conflict with the Charter, Constitution, By-Laws and 
Rules of the Society. 


ARTICLE C-XI—Funds 


Section 1. The collection, deposit, disbursement and investment of all funds 
of the Society shall be subject to the direction of the Council. 


ARTICLE C-XII—Publications and Papers 


Section 1. The publications and papers of the Society shall be issued subject 
to the direction of the Council. 


ARTICLE C-XIII—Research 


Section 1. All research activities of the Society shall be conducted by the 
Committee on Research in accordance with the Regulations Governing the 
Committee on Research of THE AMERICAN SociETY OF HEATING AND VENTI- 
LATING ENGINEERS. 


Section 2. Each member of the Committee on Research is hereby indemnified 
and held harmless by the corporation against expenses actually and necessarily 
incurred by him in connection with the defense of any action, suit or proceeding 
in which he is made a party by reason of his being or having been a member of 
the Committee on Research, except in relation to matters as to which he shall 
be adjudged in such action, suit or proceeding to be liable for wilful negligence, 
misfeasance or misconduct in the performance of his duties as member; such 
right of indemnification shall not be deemed exclusive of any other right to 
which he may be entitled under any by-law, agreement, vote or otherwise. 


ARTICLE C-XIV—Society’s Endorsement 


Section 1. Recommendation, endorsement or approval by the Society or the 
Council shall not be given to, or made for any individual, partnership, corpo- 
ration or association nor of, or for any scientific, literary, mechanical or engi- 
neering production, other than as affecting public welfare, and when affecting 
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public welfare the opinion so expressed shall not convey any intent to promote 
the interests of any individual, partnership, corporation or association, nor 
shall such expression be harmful to any other similar interests, nor shall it 
differentiate between any two similar methods, processes, devices or apparatus 
by special commendation of one over the other. 


ARTICLE C-XV—Professional Practice 


Section 1. The Society shall not allow its name, initials or insignia to be 
used in any commercial work, except to indicate conformity with its standards 
in accordance with the Charter, Constitution, By-Laws and Rules. 

Section 2. In all professional practice or business relations the members of 
the Society shall conduct themselves according to the Cope or Eruics incor- 
porated in the By-Laws. 


ARTICLE C-XVI—Amendments 


Section 1. At any meeting of the Society any person entitled to vote may 
propose in writing an amendment to this Constitution, provided such amend- 
ment bears the written endorsement of at least ten (10) members entitled to 
vote. Such proposed amendment shall not be voted on for adoption at that 
meeting, but shall be open to discussion and modification and to a vote as to 
whether, in its original or modified form, it shall be mailed to the members 
of the Society for action. If it is decided by a majority vote of members 
present and voting in favor thereof, to submit the amendment to the Member- 
ship for action, the Secretary shall mail in printed form to each member 
entitled to vote, at least twenty (20) days and not more than forty (40) days 
prior to the next Annual Meeting of the Society, a copy of the proposed 
amendment as decided by said vote, accompanied by any comment the Council 
may choose to make. 

Section 2. A proxy ballot shall be enclosed with the proposed amendment. 
The ballot shall be voted at the next Annual Meeting of the Society and the 
result shall be decided by a majority of the votes cast in person and by proxy. 
The presiding officer shall announce the result of the vote and, if the amend- 
ment is adopted, it shall thereupon take effect. 

Section 3. Any changes in the order of consecutive numbering of existing 
articles or sections of the Constitution, made necessary by such adopted amend- 
ment, shall be authorized by the Council. 


BY-LAWS 


ARTICLE B-I—Objects and Government 
Section 1. The principal objects of the Society are: 

(a) To promote the advancement of professional knowledge, educational 
programs and standards for the instruction and technical training 
of persons engaged in the engineering profession and students and 
teachers of heating, ventilating, cooling and air conditioning and the 
allied arts and sciences. 

(6) To promote the interchange of knowledge and opinions and to pub- 
lish, diffuse and disseminate in any language and in every form and 
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medium now or hereafter known, information concerning heating, 
ventilating, cooling and air conditioning and the fields related thereto. 

(c) To hold meetings and arrange events and programs for the reading 
and discussion of papers and the exhibition and display of items in 
the fields of heating, ventilating, cooling and air conditioning and 
the allied arts and sciences. 


Section 2. The headquarters of THe AMERICAN Society oF HEATING AND 
VENTILATING ENGINEERS shall be located in the City of New York, N. Y., at 
such address as the Council may select. 


Section 3. The majority of votes cast shall decide every question coming 
before any meeting of the Society or the Council or a Committee, unless other- 
wise provided in the Constitution, the By-Laws, the Rules or the Laws of 
the State of New York. 


Section 4. The Society may copyright any of its data, reports or publica- 
tions, at the discretion of the Council. 


Section 5. The Council may authorize the co-operation of the Society with 
other organizations, if such action in its opinion seems desirable. 


Section 6. The Council shall have full authority to conduct all business 
transactions for the Society except as limited herein by the Constitution, By- 
Laws and Rules. 


Section 7. Whenever the Council or two-thirds of the members present and 
voting at any Annual or Semi-Annual Meeting refer any question, except an 
Amendment to the Constitution, to the membership at large, it shall be sub- 
mitted in writing, in such form as directed by the Council, to all members 
entitled to vote and decided by a majority of the ballots cast in person or 
by proxy. 


ARTICLE B-II—Membership 


Section 1. Any member whose dues are paid in full may resign at any time. 
Resignations must be presented in writing addressed to the Society at its 
headquarters. The Secretary shall deliver all resignations to the Council and 
action must be taken at the first meeing of the Council following receipt of same. 


Section 2. A member whose dues are not paid by February 1 shall continue 
as a member in good standing until April 1, and thereafter he shall be classed 
as delinquent. If dues have not been paid by July 1, publications shall be 
suspended, and if dues remain unpaid December 1, he shall be notified by 
registered mail at his last known address, that all privileges of membership are 
forfeited and that his name will be dropped from the rolls on December 31, 
unless his dues are paid before that date. 


Section 3. The Council, by a two-thirds vote, may expel any member of any 
grade who may be adjudged to have violated the Constitution or By-Laws of 
the Society, or who shall have been found guilty after written preferment of 
charges, twenty (20) days’ written notice of hearing and adequate opportunity 
to be heard, of conduct rendering him unfit to continue in its membership. 


Section 4. The right of a member to vote and all his right, title and interest 
in or to the Society or its property shall cease on the termination of his 
membership. 


| 

| 


54TH ANNUAL MEETING PROCEEDINGS, 1948 29 


Section 5. When a Member or Associate Member becomes entitled to Life 
Membership he shall be automatically transferred to Life Member grade. He 
shall pay the dues for the calendar year during which he becomes entitled to 
Life Membership, and thereafter he shall be exempt from the payment of dues. 
He shall be notified in writing by the Secretary that he is a Life Member and 
he shall be presented with a suitable certificate. 


Section 6. Presidential Members shall constitute an Advisory Board to 
which the Council may refer matters of policy of the Society for advice. The 
retiring President shall act as chairman of such Advisory Board. 


ARTICLE B-III—Admission and Advancement 


Section 1. A candidate for admission to any grade of membership in the 
Society, except Honorary Member, Presidential Member or Life Member, must 
make application on a form approved by the Council, upon which he shall 
write a statement giving a complete account of his qualifications and engineer- 
ing experience, and an agreement that he will, if elected, conform to the Con- 
stitution, By-Laws and Rules of the Society. 


Section 2. A candidate for any grade of membership in the Society, except 
Honorary Member, Presidential Member or Life Member, must be proposed 
by two (2) or more members to whom he must be personally known, except 
as provided in Section 3, and such application must be seconded by two (2) or 
more members. 


Section 3. In case applicants for membership are not acquainted with mem- 
bers of the Society, endorsements from the faculty of educational institutions, or 
the recommendations of the members of other professional societies, or by the 
officers of responsible corporations, who are well acquainted with the applicant, 
may be considered, if sufficient evidence has been submitted to satisfy the 
Admission and Advancement Committee that the applicant is worthy of admis- 
sion to membership. 


Section 4. The proposers of a candidate may be required to submit a com- 
plete account of the qualifications of the candidate, including a statement in 
writing of the professional experience and the character and diversity of the 
work performed, age, education and any other information the Admission and 
Advancement Committee or the Council may demand. 


Section 5. Honorary Membership shall be granted only at an Annual 
Meeting of the Society by majority vote, and all such proposals shall have the 
unanimous endorsement of the Council before they are submitted to the meeting 
for vote. 


Section 6. All applications for membership are to be addressed to the Society 
at its headquarters and the names of applicants and their references shall be 
printed in the next issue of the JouRNAL or sent to the members in such other 
manner as may be ordered by the Council. 

Section 7. When the Admission and Advancement Committee has acted upon 
a candidate’s application and recommended his grade, the Council shall vote upon 
the election of the proposed candidate for membership. 


Section 8. If two-thirds of the Council shall cast a vote favorable to a candi- 
date he shall be elected. 
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Section 9. The names of the candidates who are not elected shall neither be 
recorded nor announced in the proceedings of the Council. 


Section 10. Any person having been elected to membership in the Society 
shall be promptly notified by the Secretary, and shall pay the amount of his dues 
within three (3) months after such notice of election shall have been sent him, 
or his election shall become void. Failure to qualify within the time allowed 
will mean forfeiture of the Admission Fee. 


Section 11. Any member of the Society is entitled to apply for membership 
in the Chapter nearest to his residence or place of business, provided he sub- 
scribes to the By-Laws of that Chapter. 


ARTICLE B-IV—Admission Fees and Dues 


Section 1. The admission fee of Members and Associate Members shall be 
ten dollars ($10.00); of Junior Members five dollars ($5.00). Admission fee 
must accompany application for membership. 


Section 2. The annual dues of Members and Associate Members shall be 
eighteen dollars ($18.00) ; of Junior Members ten dollars ($10.00) ; of Student 
Members three dollars ($3.00). 


Section 3. Honorary Members shall be exempt from payment of admission 
fee and dues. Presidential Members shall be exempt from payment of dues. 


Section 4. Of the annual dues paid by members of each grade, a sum equal 
to its current subscription price shall be considered as a subscription for the 
Journat of the Society. 


Section 5. Of the annual dues paid by Members and Associate Members, 
forty percent (40%) shall be allotted to Research and shall not be used for any 
other purpose. 


Section 6. All dues shall be payable in January of each year in advance (see 
Article B-II, Section 2). The dues of new members of all grades shall be due 
and payable on the first day of the month following the date of admission of 
such members. 


Section 7. The dues of a new member of any grade shall be pro-rated 
quarterly, but if the amount paid is less than five dollars and fifty cents ($5.50), 
such member shall not be entitled to receive the volume of TRANSACTIONS or 
Tue Guipe for the year in which he is elected, but he shall otherwise be entitled 
to all the rights and privileges of membership. 


Section 8. Junior and Student Members upon notification of transfer or 
election to a higher grade, shall pay the annual or pro-rated dues of the grade 
to which they have been transferred. 


Section 9. The Council may at its discretion restore to membership (upon 
such terms at its judgment dictates) any person suspended for non-payment 
of dues. 


Section 10. The Council may establish rules applying to remission of dues 
to members in the uniformed service of the Government during such times as 
their Government is at war. 
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ARTICLE B-V—The Council 


Section 1. Not less than one-half of the members of the Council shall con- 
stitute a quorum for the transaction of business at any Council Meeting. 


Section 2. The Council shall have an office and keep the books of the Society 
at the office selected as headquarters in the City of New York, N. Y. Meetings 
of the Council may at its convenience be held at such place or places as the 
Council from time to time may determine. 


Section 3. Regular meetings of the Council shall be held quarterly. 


Section 4. Special meetings of the Council shall be held whenever called by 
the President or when requested by not less than three (3) Council Members. 


Section 5. The Council shail present at the Annual Meeting a complete report 
of the work of the Society during the preceding year. 


Section 6. If any Committee Member fails in the performance of his duty, 
from inability or otherwise, the Council may, by a two-thirds vote, declare his 
position vacant. The Council shall elect a member to fill the vacancy. 


ARTICLE B-VI—Officers and Executives 


Section 1. The President shall be the chief executive officer of the Society. 
He shall preside at all meetings of the Society and of the Council. He shall 
have general charge and supervision of the business and affairs of the Society. 
He shall sign, in behalf of, and in the name of the Society, all contracts and all 
certificates of membership in the Society. He shall make a report of the affairs 
of the Society at the Annual Meeting and shall do and perform such other duties 
as usually appertain to his office. He shall not be eligible for immediate re- 
election to the same office at the expiration of the term for which he was elected. 


Section 2. The First Vice-President shall possess all the powers and per- 
form the duties of the President in his absence or disability. He shall perform 
such other duties as may be assigned to him by the Council. 


Section 3. The Second Vice-President shall possess all the powers and per- 
form the duties of the President in the absence or disability of the President and 
First Vice-President. He shall have such other powers and perform such other 
duties as may be assigned to him by the Council. 


Section 4. The Treasurer shall have the custody of all the funds of the 
Society, as provided in Article B-XI. He shall at all reasonable times exhibit 
his books and accounts to any member of the Council, and shall perform all 
duties incident to the office of the Treasurer, subject to the direction of the 
Council. He shall give a bond in a penal sum and with a surety or sureties 
approved by the Council, for the faithful performance of his duties as Treasurer. 
If a surety company bond is furnished the premium therefor shall be paid by 
the Society. 


Section 5. The Secretary shall keep the minutes of all meetings of the Coun- 
cil and the minutes of all meetings of the Society. He shall attend to the giving 
and serving of all notices of the Society and of the Council. He shall sign with 
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the President in the name of the Society all contracts, membership certificates or 
official documents requiring the corporate signature and shall affix the seal of 
the Society to such papers or documents as require the same. He shall have 
charge of such books and papers of the Society as the Council may direct, all of 
which at all reasonable times shall be open to the examination of any member 
of the Society. He shall in general perform all the duties incident to the office 
of Secretary and shall perform such other duties as may be assigned to him by 
the Council. He shall give a bond, in a penal sum and with a surety or sureties 
approved by the Council, for the faithful performance of his duties as Secretary. 
If a surety company bond is furnished the premium therefor shall be paid by 
the Society. Assistant Secretaries may be appointed by the Council. 


Section 6. The Secretary shall receive a salary which shall be fixed by the 
Council. No elected Officer of the Society shall, as such, receive any salary or 
compensation for his services. 


ARTICLE B-VII—Meetings 


Section 1. A quorum for the transaction of business at any meeting of the 
members shall consist of not less than forty (40) members entitled to vote. 


Section 2. Announcements of all meetings of the Society shall be published 
in the JourNAL and the Secretary shall also mail a notice of same to each mem- 
ber of all grades, not less than twenty (20) days and not more than forty (40) 
days before the date of each meeting. 


Section 3. The expenses of all Meetings of the Society shall be paid for 
from funds of the Society. When a meeting is to be held in or adjacent to a city 
where a Chapter of the Society is located, the Council may request the assistance 
of the Chapter in arranging details of the meeting, entertainment features, etc., 
but the Chapter shall not solicit nor allow any solicitation of funds to help defray 
the expenses of such meeting or entertainment features. 


ARTICLE B-VIII—Committees 


CounciL CoMMITTEES 


Section 1. At the first meeting of the Council after the Annual Meeting, the 
President, with the approval of the Council, shall appoint from the members of 
the Council the following committees consisting of three (3) members each: 


(a) Executive Committee. 

(b) Finance Committee. 

(c) Membership Committee. 

(d) Program and Papers Committee. 
(e) Standards Committee. 


Section 2. Executive CommitreE—The Executive Committee shall investi- 
gate and make recommendations to the Council regarding all matters having to 
to with the professional or business status of the Society and matters which 
might in any way reflect upon one (1) or more members of the Society, or the 
Society as a whole. It shall exercise such other functions as the Council may 


specify. 
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Section 3. Finance CoMMiItTTEE—The Finance Committee shall have super- 
vision of the financial affairs of the Society. The Treasurer shall be an ex-officio 
member of this Committee. 


Section 4. MrmsBersHip ComMMITTEE—The Membership Committee shall 
co-operate with the members of the Society in an endeavor to secure the appli- 
cations for membership of qualified candidates and through Chapters’ committees 
furnish information about the aims, activities and achievements of the Society. 


Section 5. PRoGRAM AND Papers CoMMITTEE—The Program and Papers 
Committee shall plan the general character of all technical meetings of the 
Society. It shall secure appropriate papers for consideration by the Publication 
Committee. It shall select from the papers which have been approved by the 
Publication Committee those for presentation at all technical sessions. 


Section 6. STANDARDS COMMITTEE—The Standards Committee shall consider 
all questions pertaining to engineering standards and shall report its findings 
and recommendations to the Council. 


GENERAL COMMITTEES 


Section 7. ApmissiéN AND ADVANCEMENT CoMMITTEE—The Admission and 
Advancement Committee shall consist of three (3) members, appointed by the 
President with the approval of the Council, for a term of three (3) years, the 
term of one (1) member expiring each year. This Committee shall receive 
‘from the Secretary all applications for membership, make rigid inquiry as to the 
eligibility of candidates, and report to the Council. In case of disapproval, only 
the proposes and the applicant shall be notified of such action. The proceedings 
of the Committee shall be private and confidential. 


Section 8. Pustication CommittEE—The Publication Committee shall con- 
sist of three (3) members, appointed by the President with the approval of the 
Council, for a term of three (3) years, the term of one (1) member expiring 
each year. The Chairman or a member of the Committee on Research designated 
by the Chairman of the Committee on Research, shall serve as an ex-officio 
member of this Committee. This Committee shall receive and examine all papers 
intended for presentation to the Society and accept such as it may approve. This 
Committee shall review the papers and discussions which have been presented at 
the meetings and shall decide what papers and discussions, or parts of the same, 
shall be published. It shall approve for publication the Transactions of the 
Society, containing the papers, discussions or abstracts thereof, and abstracts of 
the proceedings of the Society and of the Council. 


Section 9. COMMITTEE ON RESEARCH—The Committee on Research shall 
consist of fifteen (15) members and shall function in accordance with the Regu- 
lations governing the Committee on Research. The Council shall nominate, 
previous to July first of each year, five (5) members of the Society, to serve for 
three (3) years, to replace the five (5) members, whose terms expire at the 
close of the Annual Meeting of the Society following such nomination. The 
Council shall designate the nominees by letter-ballot, and the Secretary shall 
publish the names of the candidates nominated in the October issue of the 
JOURNAL. 
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Section 10. ConstituT1Ion AND By-Laws ComMmiTTEE—The Constitution 
and By-Laws Committee shall consist of three (3) members appointed by the 
President, with the approval of the Council. This Committee shall consider all 
matters affecting the Constitution, By-Laws and Rules referred to it by the 
Council, the President, or by vote of the members at a meeting, and shall report 
in writing to the Council on all matters referred to it. 


Section 11 Nominatinc CommitreE—The Nominating Committee shall 
consist of eleven (11) members eligible to vote who have been in good standing 
continuously for five (5) years prior to their selection. Four (4) members and 
one (1) alternate shall be chosen by majority vote of the Council at its last 
quarterly meeting of the calendar year. Seven (7) members and one (1) 
alternate shall be chosen by majority vote of the Chapter Delegates Committee 
on the first day of each Annual Meeting. The Secretary of the Society shall 
notify the Chairman of the Chapter Delegates Committee, not later than Decem- 
ber Ist, of the names of the four (4) members and alternate selected by the 
Council. 

Each regional area as defined in Section 11(a) must be represented on this 
Committee, but not more than one (1) member may be elected from any Chapter 
and not more than two (2) members may be elected from any regional area. 
Members of the Council are not eligible to serve on the Nominating Committee. 


The Nominating Committee shall select eligible nominees for the office of 
President, First Vice-President, Second Vice-President, Treasurer, four (4) 
members of the Council and any other elective office that may have become 
vacant since the last annual election. 

All members of the Nominating Committee who are present at the Annual 
Meeting shall be subject to the call of the Secretary of the Society on the last 
day of the Annual Meeting for the purpose of effecting its own organization 
and election of a permanent Chairman and Secretary. If a quorum is not avail- 
able a temporary Chairman and Secretary shall be selected from the eligible 
Committee members and a permanent organization shall be established by cor- 
respondence or otherwise under the direction of the temporary Chairman. The 
Committee shall hold a formal meeting during the Semi-Annual Meeting of the 
Society for the final selection of nominees to which round trip railroad fare and 
lower berth expenses shall be paid by the Society to each Committee member 
and alternate attending. In case a Semi-Annual Meeting is not held the Com- 
mittee must be called in a special meeting by the Chairman not later than 
September Ist of each year. In this event notice of such meeting shall be sent 
to all members and alternates by the Committee Secretary thirty (30) days prior 
to the date of such meeting. Expenses as previuosly outlined shall be paid to 
such special meeting. 

Seven (7) members of the Nominating Committee shall constitute a quorum. 
Each member shall be entitled to vote for one (1) nominee for each office to be 
filled, with the candidates having majority votes receiving the nominations. The 
alternates may attend meetings of the Committee but shall have no vote except 
in the absence of one (1) of the members with whom they are chosen. 

The Nominating Committee shall certify the names of the nominees with their 
written acceptance to the Secretary of the Society prior to September Ist and the 
names of the candidates shall be published in the October Journat of the Society. 
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Section 11(a). Regional areas are defined as follows: 


Region 1. Region 4. Region 6. 
Maine Minnesota Virginia 
Vermont Iowa West Virginia 
Massachusetts Nebraska North Carolina 
New Hampshire Missouri South Carolina 
New York Kansas Florida 
Rhode Island North Dakota Georgia 
Connecticut Dakota 
ontana ississippi 
Region Wyoming Kentucky 
New Jersey Colorado — Tennessee 
Pennsylvania New Mexico Louisiana 
aware Region 6. Arkansas 
Maryland Idaho Oklahoma 
Dist. of Columbia tah exas 
Region 8. Nevada Region 7. 
The Provinces of Canada. 
Michigan Arizona 
Wisconsin California 


Section 12. Tue Guip—e Commitree—The Guide Committee shall consist of 
at least five (5) members appointed by the President, with the approval of the 
Council, at the first meeting of the Council after the Annual Meeting. It shall 
be responsible for compiling the text section. 


Section 13. F. Paut ANpErson CommitTEE—The F. Paul Anderson Award 
Committee shall consist of five (5) members appointed by the President and 
shall function according to the regulations governing the award of the F. Paul 
Anderson Medal. 


Section 14. CHapTeR DELEGATES CoMMITTEE—The Chapter Delegates Com- 
mittee shall consist of one (1) Delegate or Alternate from each Chapter, who 
shall be selected as each Chapter may direct and shall be certified to the Secre- 
tary of the Society on or before the first day of the Annual Meeting. It shall 
meet on the first day of each Annual Meeting and may meet at the Semi-Annual 
Meeting to discuss problems of mutual interest affecting the Chapters. It shall 
elect a chairman from its membership to serve for a term of one (1) year. 
Each Chapter shall have one (1) vote. Resolutions and recommendations may 
be referred to the Council. 


Section 15. The Council shall have power to delegate to any other committee 
any duties that may be deemed necessary or expedient in the interests of the 
Society and such committees shall report to the Council when and as required. 
The Council shall also appoint any Committee and direct its proceedings as may 
be ordered by resolution of the Society at any meeting. 


Section 16. Each standing or special committee through its Chairman shall 
render a report at the Annual or Semi-Annual Meeting of the Society as 
instructed by the Council. The term of office of members of all appointed com- 
mittees shall end at the close of each Annual Meeting, unless otherwise pro- 
vided, and any member shall be eligible for re-appointment. 


ARTICLE B-IX—Election of Officers 


Section 1. Twenty (20) or more members of the Society, eligible to vote, 
may present to the Secretary, over their signatures, the name of any member 
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eligible to hold office in the Society as a candidate for any office, provided such 
name is presented at least sixty (60) days preceding the next Annual Meeting, 
together with the written consent of the nominee to fill the office for which he 
has been selected, and the Secretary shall place such names on the ballot, with 
special notation that they are presented by members independent of the Nomi- 
nating Committee report. Any member nominated for any office may withdraw 
his name as a candidate, whether nominated by the regular Nominating Com- 
mittee or by twenty (20) or more members, providing he does so at least forty- 
five (45) days prior to the next Annual Meeting. 


Section 2. The Secretary shall prepare ballots with the names of all candi- 
dates and forward them to the members eligible to vote, at least twenty (20) 
days and not more than forty (40) days before the date of the Annual Meeting. 


Section 3. Each member entitled to vote shall return his ballot and proxy so 
that the same will reach the Society’s headquarters before noon of the tenth (10) 
day preceding the Annual Meeting. A member may write upon his ballot and 
proxy the name of any member for whom he wishes to vote if such name does 
not appear on the printed ballot. The polls for those members voting in person 
shall remain open until 5 p.m. of the first day of the Annual Meeting. 


Section 4. The Secretary shall prepare a list of delinquent members, and no 
vote of any delinquent shall be counted. 


Section 5. The ballots in person and by proxy shall be opened and the result 
of the vote declared on the second day of the Annual Meeting by three (3) 
tellers appointed by the President. The candidates receiving the greatest number 
of votes shall be declared elected, and shall take office at the close of the last ses- 
sion of the Annual Meeting. 


Section 6. In the event of a tie vote at any election of the Society, the Coun- 
cil, by a majority vote. shall decide the tie. 


ARTICLE B-X—Local Chapters 


Section 1. (a) Local Chapters of the Society may be formed upon applica- 
tion of twenty (20) members if the organization of a Chapter will, in the 
judgment of the Council, advance the Society’s interests. 


(b) Upon approval of the Council, a charter may be granted for a Chapter, 
which shall be operated under the control and at the pleasure of the Society. 
The Chapter shall be governed by local By-Laws approved by the Council 
before becoming operative. 


(c) The membership of such Chapter shall comprise only members of the 
Society in good standing. 

(d) Every Chapter when formed shall be chartered in the name of a geo- 
graphical section in which it is located. 


(e) Student Branches of the Society may be established, under the direction 
of the Council. 


Section 2. The charter of a Chapter or Student Branch may be revoked, by 
two-thirds majority vote of the Council. 
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Section 3. No Chapter shall receive any income other than dues, unless 
approval is obtained from the Council. 


ARTICLE B-XI—Funds 


Section 1. When directed and approved by the Council, funds of the Society 
designated by the Council shall be invested and reinvested in bonds and obliga- 
tions of the United States Government, the Government of the Dominion of 
Canada, or in investments legal for trust funds under the laws of the State of 
New York, subject to the proviso, however, that not less than one-half of such 
designated funds shall be invested in bonds and obligations of the United States 
Government. 


Section 2. Bequests and gifts to the Society for a specific purpose or pur- 
poses shall, after acceptance by the Council, be invested in the manner directed 
by the testator or donor, or, in the absence of any direction, in the manner pro- 
vided by Section 1. The principal and income of such bequests and gifts shall 
be used for the purposes specified. 


Section 3. The Council is authorized and empowered, in its discretion and 
without liability to the members thereof, to hold and to continue to hold any gift 
or devise in property (real, personal or mixed) in the manner and form of 
investment in which it shall be at the time of such gift or devise, without regard 
to the limitations imposed by Sections 1 and 2 hereof. 


Section 4. At the autumn Meeting of the Council of each year the Finance 
Committee shall present to the Council a budget of total estimated income and 
expenditures for the next fiscal year, which after approval by the Council shall 
govern the expenditure of Society funds for that year. Any proposed expendi- 
ture of Society funds outside of the approved budget shall be approved by the 
Council before the expenditure is made. 


Section 5. Any money due to the Society shall be collected by the Secretary, 
who shall enter all receipts in the books of the Society and desposit same to the 
Treasurer’s Account. The Secretary shall have the authority to pay salaries, 
traveling expenses and petty cash in accordance with the budget. In case of 
disability or absence of the Treasurer, the Chairman of the Finance Committee 
is authorized to sign checks. He shall give bond in the same manner as provided 
for the Treasurer. 


Section 6. After October thirty-first, and before the Annual Meeting, the 
accounts of the Society shall be audited by a certified public accountant, selected 
by the Council. The auditor’s report shall be presented at the Annual Meeting 
by the Chairman of the Finance Committee, and published in the JourNat. 


Section 7. A Society Reserve Fund shall be created into which all admission 
fees and such other moneys as the Council may direct shall be placed until the 
fund totals a sum equal to fifteen dollars ($15.00) per member, or fifty thousand 
dollars ($50,000), whichever is smaller. This Reserve Fund is to be used only in 
cases of emergency when current Society revenues are not sufficient to pay 
necessary expenses. Withdrawals not to exceed twenty percent (20%) of the 
fund in any calendar year may be authorized by the Society at any meeting pro- 
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vided it has been recommended by the Council. Investments shall be made in 
accordance with Article B-XI, Section 1. Interest earned on the Reserve Fund 
shall be added to current Society income. 


Section 8. The funds for the Society and the Research operations shall be 
appropriated in accordance with the budget and additional expenditures approved 
by the Council. 


ARTICLE B-XII—Publications and Papers 


Section 1. A JouRNAL carrying papers approved by the Publication Com- 
mittee, items of Society interest, and such other material as may be decided by 
the Council, shall be published monthly. 


Section 2. The Society shall publish a Gurpe, containing technical informa- 
tion, an advertising section, and such other material as may be directed by the 
Council. 


Section 3. The Transactions of the Society for each year shall be published 
as soon as is practicable after the Semi-Annual Meeting. 


ARTICLE B-XIII—Research 


Section 1. The work conducted by the Research Laboratory of this Society 
shall be confined to a determination of the basic or fundamental principles or 
laws underlying all matters in the science of heating, ventilating or air 
conditioning. 


ARTICLE B-XIV—Society’s Endorsement 


Section 1. The Society may receive papers and reports on experiments, 
improvements and developments of every character affecting the arts and 
sciences of heating, ventilating and air conditioning and it may freely discuss 
same and have the proceedings published by the Society, without any direct or 
implied endorsement by the Society of such papers or reports. 


ARTICLE B-XV—Professional Practice 


Section 1. All members of the Society shall subscribe to the following Cope 
oF ErHics as required by the Constitution: 


Cope oF ETHICS FOR ENGINEERS 


Engineering work has become an increasingly important factor in the progress 
of civilization and in the welfare of the community. The engineering profession 
is held responsible for the planning, construction and operation of such work and 
is entitled to the position and authority which will enable it to discharge this 
responsibility and to render effective service to humanity. 

That the dignity of their chosen profession may be maintained, it is the duty 
of all engineers to conduct themselves according to the principles of the follow- 
ing Cope oF ETHICs: 
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1. The engineer will carry on his professional work in a spirit of fair- 
ness to employees and contractors, fidelity to clients and employers, loyalty 
to his country and devotion to high ideals of courtesy and personal honor. 


2. He will refrain from associating himself with or allowing the use of 
his name by an enterprise of questionable character. 


3. He will advertise only in a dignified manner, being careful to avoid 
misleading statements. 


4. He will regard as confidential any information obtained by him as to 
the business affairs and technical methods or processes of a client or 
employer. 

5. He will inform a client or employer of any business connections, inter- 
ests or affiliations which might influence his judgment or impair the dis- 
interested quality of his services. 


6. He will refrain from using any improper or questionable methods of 
soliciting professional work and will decline to pay or accept commissions 
for securing such work. 


7. He will accept compensation, financial or otherwise, for a particular 
service, from one source only, except with the full knowledge and consent 
of all interested parties. 


8. He will not use unfair means to win professional advancement or to 
injure the chances of another engineer to secure and hold employment. 


9. He will co-operate in upbuilding the engineering profession by ex- 
changing general information and experience with his fellow engineers and 
students of engineering and also by contributing to work of engineering 
societies, schools of applied science and the technical press. 


10. He will interest himself in the public welfare in behalf of which he 
will be ready to apply his special knowledge, skill and training for the use 
and benefit of mankind. 


ARTICLE B-XVI—Amendments 


Section 1. The By-Laws of the Society shall be subject to addition, amend- 
ment or repeal by a majority of the members at any Annual or Semi-Annual 
meeting of the Society, or at any special meeting of the members called for that 
purpose. A copy of such proposed addition, amendment or repeal, endorsed by 
at least ten (10) members of the Society eligible to vote, accompanied by any 
comment the Council may choose to make, shall be submitted in writing by the 
Secretary to all of the members entitled to vote, at least twenty (20) days and 
not more than forty (40) days prior to the time of the meeting at which such 
addition, amendment or repeal is to be considered. If adopted, the amendment 
shall take effect immediate unless otherwise provided. 


Mr. Downs: All the membership has received by mail the notice dated December 
29, 1947, referring to the changes in the Constitution and By-Laws and the ballot on 
the Constitution. 

At the present moment, presumably, the mail ballot on the Constitution has taken 
care of these things, and we now come to a consideration of the amended By-Laws 
which were printed and went to members in the mailing, dated December 29. We 
can now consider a vote on those amendments. 
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1 would like to ask this gathering whether the revised By-Laws should be con- 
sidered as a whole and voted on as such, or whether members would prefer to consider 
it section by section. 


CHAIRMAN Woops: May | have a motion from the floor as to which way we prefer 
to consider it? 


W. A. Danietson, Memphis, Tenn.: Mr. Chairman, I move that the amended 
By-Laws be considered as a whole. 


A. W. Epwarps, Cincinnati, Ohio: I second the motion. 


CHAIRMAN Woops: We have a motion that the By-Laws which are to be voted 
upon by the members present, be considered as a whole, and that motion has been 
seconded. It is open for discussion. 

Hearing no discussion, Dr. Woods said, “I will call for the question. Those in favor 
of considering the adoption of the By-Laws as a whole say, Aye.” 

(A chorus of “Ayes”.) 

Opposed? I hear none. It is so ordered. 


CHAIRMAN Woops: This is not a motion to adopt, but a motion to consider so the 
By-Laws are open for discussion, and the question of their adoption is before you. 
They are to be considered as a whole. Are there any questions you wish to ask the 
Chairman of the committee, or any comments you wish to make concerning the By- 
Laws as presented? 


H. K. Ormssy, Syracuse, N. Y.: In Article B-VIII, Section 11, it is stated: 

“The Nominating Committee shall consist of eleven (11) members eligible to vote 
who have been in good standing continuously for five (5) years ... four (4) members 
and one (1) alternate shall be chosen by majority vote of the Council . . . seven (7) 
members and one (1) alternate shall be chosen by majority vote of the Chapter 
Delegates Committee . . .” 

In the next paragraph, it is stated: 

“Each regional area as defined in Section 11 (a) must be represented on this 
Committee, but not more than one (1) member may be elected from any chapter 
and not more than two (2) members may be elected from any regional area.” 

May I ask whether the one member required from each Chapter means one member 
being elected from each region by the Chapter Delegates Committee, or does it also 
include the one that may be selected by the Council? 


Mr. Downs: As I read it, and Dr. Woods also—it refers to the Committee as a 
whole. It does not specify which group that particular one has to come from. Does 
that answer your question? 


Mr. Ormspy: Yes, thank you. 
CHAIRMAN Woops: Are there any other questions or discussion ? 


L.. C. Gross, Minneapolis, Minn.: | would like a little more explanation on Article 
B-X, Section 3, which states that: 

“No Chapter shall receive any income other than dues, unless approval is obtained 
from the Council.” 


CHAIRMAN Woops: The question has also been raised by the representative of 
another Chapter. That proviso, unless approval is given by the Council, has led the 
President to schedule this matter for discussion by Council so that a more specific 
answer can be given before the end of this meeting of the Society. It is obvious that 
the Council is given certain discretionary authority and an attempt to formulate an 
interpretation which would carry out the intent of this provision, and, at the same 
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time, give such flexibility as will best serve the purposes of the Society will be 
announced by Council. I think that we can keep within the intent and not put on 
such rigorous restraints as to embarrass Chapters in having reasonable activities. 


Lester T. Avery, Cleveland, Ohio: Just for clarification, after we vote on the 
By-Laws, it is then submitted for vote by mail ballot, or is the adoption here final? 


CHAIRMAN Woops: The adoption here is final. 

Mr. Avery: Has there been a motion made? 

CHAIRMAN Woops: There has been no such motion as yet. 
Mr. Avery: I move that the By-Laws be accepted as written. 


CHAIRMAN Woops: The motion has been made to adopt the amended By-Laws as 
written. 


E. W. Girrorp, Milwaukee, Wis.: I second the motion. 


CHAIRMAN Woops: Is there further discussion? If not, those in favor please 
say “Aye”. 

(A chorus of “Ayes”.) 

Opposed? Hearing none, the By-Laws are adopted. 


Mr. Downs: There is one other general point that I should like to mention here. 
The attorney retained by the Society has pointed out that our present Society opera- 
tions are primarily under charter—as they should be—under the State Laws of New 
York where we are incorporated. In addition to that, we have a Constitution, By- 
Laws, Rules and Regulations on Research, and a couple of appendices which we think 
should be removed. 


In order to get to the point where we can remove at least the appendices we asked 
the attorney to consider streamlining the whole document. He replied that the 
Society is basically operating under the Laws of the State of New York. In Court, 
the Constitution, By-Laws, etc., would all be considered in the Court’s terminology as 
by-laws. Thus, if the Society had only a set of by-laws, some of the procedural diffi- 
culty that comes up from time to time would be eliminated. 


It was hoped that perhaps a sample copy of a set of by-laws could have been pre- 
pared for this meeting not for any action that was expected to take place here but 
merely to give members a chance to think over the changes for as many months as 
necessary. 


Unfortunately, the time has been too short to get the streamlined document ready 
for consideration by the Committee on Constitution and By-Laws. However, the 
incoming Committee will undoubtedly continue that work, so that everybody can look 
forward—unless we hear a lot of objections—to another complete operation next 
fall, when we will try to get all of these papers into the simplest form possible and 
eliminate some of the confusion encountered in using several documents instead of one 
complete one. 


CHAIRMAN Woops: On behalf of the Society I want to express appreciation 
for the very great activity this year of the Committee on Constitution and By- 
Laws, an activity which has been punctuated by two or three rather significant 
and difficult developments; first, the death of the Chairman of the Committee 
at the beginning of the year and, secondly, the effects of coming under our new 
charter in the State of New York. 
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MortGAGE REDUCTION 


President Woods mentioned that in the Treasurer’s Report a mortgage fund 
raising campaign which Past President A. J. Offner initiated a little over a year 
ago has brought in about $21,000, leaving a balance due of something like 
$11,000. He said that during recent visits to Chapters, “I have heard again and 
again the suggestion that while the Society is here in session it consider making 
a little effort among ourselves so that we might liquidate the $11,000. I would 
like to suggest that the Chapter representatives think about it and see if, either 
by contributions or pledges, we might write off this indebtedness on the 
Research Laboratory.” 


CoMMITTEE ON RESEARCH 


In his Annual Report for the Committee on Research, L. P. Saunders, chair- 
man, said that the most significant event which occurred during 1947 was the 
dedication of the new Research Laboratory at 7218 Euclid Ave., Cleveland, 
Ohio, where approximately 500 members and guests attended the ceremony. 
This event was the culmination of an objective instigated nearly 30 years ago 
when the original decision was reached that the Society should engage in 
research activities. 

During the year four meetings of the Committee on Research have been held, 
the locale being the Cleveland Laboratory. In addition there were three meet- 
ings of the Research Executive Committee, two of these being held at the 
Laboratory, and 19 meetings of Technical Advisory Committees, most of which 
were held at the Laboratory. The total committee attendance was 250 members 
and 113 guests. 

We are still further encouraged by the cordial reception reported by Cldye A. 
McKeeman, assistant to the president, who acts in a liaison capacity between the 
Society and the industry. In consequence, the budget for 1948 has been increased 
above that for the current year. 


Research Policy 


The proposed revisions in the Constitution, By-Laws and Rules of the Society 
reiterate that the work conducted by the Research Laboratory of this Society 
shall be confined to a determination of the basically fundamental principles or 
laws underlying all matters in the science of heating, ventilating or air 
conditioning. 

Specifically, we would like to emphasize the desirability of reviewing in 
detail the duties of the Technical Advisory Committees with particular reference 
to their specific activities and suggest that it may be highly desirable to appoint 
a member of each individual Technical Advisory Committee as the Secretary for 
that Committee so that a systematic follow-up of the duties under the direction 
of the Chairman may be made and reports submitted to the Committee on 
Research. 


The matter of the technical data for THe GuinE is ever before us with the 
responsibility of providing up-to-date technical information for those engaged 
in the rewriting of any specific chapter. 
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REporT OF DIRECTOR OF RESEARCH 


In his report, Cyril Tasker, Director of Research, reviewed the laboratory and 
cooperative activities as well as the work of the Technical Advisory Committees. 


The past year has seen the steady development of Society research toward a broad 
comprehensive program containing at least one or two projects of direct interest and 
value to each member. The major projects have been those coming under the generai 
direction of the Technical Advisory Committee on Glass, the studies designed to lead 
to the development of acceptable methods for testing and rating air cleaning devices, 
and the programs developed by the groups comprising the Technical Advisory Com- 
mittee on Panel Heating and Cooling. However, several other laboratory and coopera- 
tive research projects under way in 1947, while receiving less publicity, will, as the 
results become known, take their place as important parts of the overall program. 

The increase in membership in the Society in recent years and the expansion of the 
industry have presented problems for the Committee on Research, the technical 
advisory committees, and the Laboratory staff which are as important as any that have 
arisen during the past 28 years. The A.S.H.V.E. research program is becoming better 
known throughout the industry and among the memberships of the trade associations. 
The privilege afforded this year to visit the home offices of some of the organizations 
in the industry and to attend several trade association meetings to discuss the achieve- 
ments, program, and possibilities of A.S.H.V.E. research was greatly appreciated. 

These meetings, the many personal contacts made by C. A. McKeeman throughout 
the industry, and the distribution of the booklet A Quarter-Century-Plus of A.S.H.V.E. 
Research have resulted in wider industry financial participation in the program and 
in increasing amounts made available and earmarked for specific projects. The grow- 
ing success of efforts to secure industry support has encouraged us to set for 1948 
a budget approaching $100,000. 

Both laboratory and office facilities at Cleveland have been improved during the 
past year and additional apparatus and equipment constructed or purchased as required. 
Our contacts with other laboratories throughout the country and abroad have grown; 
the number of visitors, including those from abroad, has continued to increase, as have 
references to our work in home and foreign publications. 


Publications 


In addition to nine research papers originating in the Laboratory and cooperating 
institutions, all of which have been or will be published in the A.S.H.V.E. JourNaL 
Section of Heating, Piping & Air Conditioning, three research bulletins have been 
completed during 1947. Two have been printed; the third is now on the press. These 
comprise the first tangible results of the publication policy recommended by a special 
Council committee in October, 1946. By means of these bulletins, complete reports of 
certain phases of our work will be made available to the membership and the industry 
and will find a place in the libraries of engineering schools throughout the country. 


Staff 


The quality and widening experience rather than the numerical size of its staff is 
the prime asset of any research organization. We are fortunate in having a well-knit 
team which, while growing slowly numerically, is growing rapidly in accumulated 
experience. J. W. Maier joined us in March to work on the projects under the 
Technical Advisory Committee on Air Cleaning; D. W. Locklin joined the staff in 
October when he was graduated from the University of Illinois. 

C. M. Humphreys, as Senior Engineer, while sharing some of the administrative 
duties with the writer, has brought to many of the current projects a well-rounded 
experience in design and construction. We now have a scientific and technical staff of 
10 persons and a total staff of 16. Plans are in hand to define the conditions under 
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which Laboratory staff members may carry on graduate studies at Case Institute of 
Technology. 


Guide 

Active liaison has been maintained with the Guide Publication Committee, and staff 
members have assisted in the review and revision of certain Guipe chapters. The 
interval which elapses between the first publication of the results of research and their 
appearance in the HEATING, VENTILATING, Arr CoNDITIONING GUIDE gives an oppor- 


tunity for thorough study and criticism of all new data before they become part of the 
handbook of the profession. 


Arr DISTRIBUTION AND AIR FRICTION 


Studies dealing with problems in air distribution have long held an important place 
in the Society’s research program. Over the past 20 years almost 30 papers resulting 
from A.S.H.V.E. research in this field have appeared in the TRANSACTIONS; three 
more are being presented at the 54th Annual Meeting covering recent studies made 
under the Technical Advisory Committee on Air Distribution and Air Friction 
(Ernest Szekely, Chairman). 

Friction Equivalents: An investigation of the friction equivalents for round, square, 
and rectangular ducts was completed at the Laboratory. The results showed that for 
most practical purposes rectangular ducts having aspect ratios not exceeding 8:1 will 
have the same static friction loss for equal lengths and mean velocities of flow as a 
circular duct of the same hydraulic diameter. A new table of circular equivalents for 
rectangular ducts was developed; it is based on these studies and the A.S.H.V.E. 
(Wright) Friction Chart. 

We plan to extend these studies to cover both through-flow and branch off-take 
fittings. Available data on typical fittings are meager and contradictory, and depend- 
able data should prove of real value to the industry. 

Cooperative Studies: Cooperative work at Case Institute of Technology is reported 
in the paper, The Discharge of Air from a Long Slot, by Alfred Koestel and G. L. 
Tuve. An experimental study was made of the relations between supply-duct area, 
slot area, discharge quantity and velocity in magnitude and direction, and the static 
and dynamic pressures in the duct. It was shown that for practical purposes the slot 
discharge quantity could be determined for any given duct static pressure in terms of 
an experimentally established function of the ratio of slot to duct areas. As part of 
an assignment to find the behavior of an air stream in free space, the studies at Case 
Institute over the past few years have covered plain openings of every type and of 
almost all shapes. 

The downward projection of heated air has been under investigation at Kansas State 
College, and a paper summarizing the results obtained with initial jet temperatures up 
to 180 F, initial velocities up to 1800 fpm and stream diameters of 53% and 6% in., 
will be presented at the 54th Annual Meeting by Linn Helander and C. V. Jakowatz. 
Having developed an idealized analysis for predicting the downblow distance and 
diameter of a projected stream, the authors have experimentally established constants 
for the equations. The test equipment and experimental techniques developed will 
permit extension of these studies to cover other conditions. 

Ventilation Jets: As an important part of the contribution to be made in this field 
by the Research Laboratory, H. B. Nottage has compiled a comprehensive literature 
survey on problems concerned with the behavior of ventilation jets; it is now being 
prepared for publication. Equipment and instruments are being assembled for experi- 
mental studies to be made at Case Institute on horizontally projected jets. 

Members of the Technical Advisory Committee cooperated in the revision of the 
chapter on Air Distribution for THe Guipe 1948 and in the clarification of definitions 
and terminology in this field. 


| 
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Barometric Dampers: Experimental studies on four typical dampers were completed 
in the latter part of the year and the results compiled for study by the TAC on Fuels 
(E. T. Selig, Chairman). Though large numbers of these devices are used on auto- 
matic fuel-burning equipment, there is little information available on their character- 
istics and performance. A better understanding of their functions might lead to 
improved performance in the control of combustion. 

Industrial Ventilation: Through the TAC on Industrial Ventilation, set up during 
the year under the chairmanship of W. N. Witheridge, Society members will be kept 
closely in touch with developments in industrial ventilation. As part of its activities, 
the committee plans to correlate the work of other groups in he field of industrial 
hygiene and ventilation and interpret this work for the ventilating engineer. 


Heat anp Heat TRANSFER 


The studies under four Technical Advisory Committees (Cooling Load, Glass, 
Heating Load, and Insulation) are covered under this section. Steady progress has 
been made throughout the year; two research papers were presented at the Semi- 
Annual Meeting; another will be presented at the Annual Meeting. 

Film Coefficients: A reasearch bulletin (Vol. 53, No. 3) entitled Forced Convection 
Coefficients—Smooth Surfaces is on the press. It covers in some detail the studies on 
heat transfer for turbulent and laminar boundary layer flow. It also reviews published 
work in this field and summarizes the results. A research paper covering part of this 
work was presented at the Semi-Annual Meeting. 

Test work is under way to determine the combined effects of natural convection and 
low velocity air movement. Changes made in the wind tunnel permit the measurement 
of velocities as low as 30 fpm. The studies are being made as a part-time graduate 
thesis project. 

Solor Radiation Transmission: The equipment designed, constructed, and erected at 
the Laboratory for the study of solar radiation transmission through glass is unique 
and has proved of great interest not only to the glass and allied industries but to 
almost every visitor to the Laboratory during the past two years. Experimental work 
commenced in the early part of the winter of 1946-47 and has continued steadily since 
that time. During part of last summer the equipment was operated for periods up to 
12 hours each day. 

During the year we have collected data on six types of single glass, and on three 
combinations of double glass. Included among the samples investigated were several 
types of heat-absorbing glass. The data are being analyzed to account for the heat 
exchange between the glass and the indoor and outdoor surroundings. A paper to be 
presented at the Annual Meeting covers preliminary tests made on four types of 
single glass. 

During the year this project has received the active financial and technical support 
of the glass and window industry and of the air conditioning industry. So far as we 
can tell, no work similar to this is going on in any other research organization in this 
country or abroad. 

A comprehensive research bulletin entitled Heat Transmission Through Glass, Vol. 
53, No. 1, is now on the press. It is in two parts; Part I entitled Overall Coefficients 
of Heat Transmission of Windows and Glass-Block Panels, deals with hot box tests 
under laboratory controlled conditions, and Part II, entitled Solar Heat Transmission 
by Windows and Glass Block Panels, covers all known experimental work up to 1941 
on solar radiation transmission through glass. It is believed that this bulletin will 
prove to be a valuable contribution to the literature on this subject. 

Periodic Heat Flow: A.S.H.V.E. Research Bulletin,} Vol. 53, No. 2, summarizes 


j Also published as A.S.H.V.E. Research Report No. 1315—Thermal Properties of Building Materials 


Used in Heat Flow Calculations, by H. B. Nottage (A.S.H.V.E. Transactions, Vol. 53, 1947, p. 215). 
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the results of a comprehensive search of the literature for ready-reference data on 
thermal conductivity, density and unit heat capacity of common building materials. 
The bulletin, prepared by Mr. Nottage, contains the material mentioned in last year’s 
report under the title Volumetric Specific Heat of Building Materials. By means of 
charts which are included in the bulletin, estimates may be made of thermal con- 
ductivity, thermal diffusivity, or the product (thermal conductivity) x (density) x 
(unit heat capacity). A short paper giving the highlights of this bulletin was pre- 
sented by Mr. Nottage at the Semi-Annual Meeting. The data are of special value in 
calculations of periodic heat flow in the determination of cooling loads. The studies 
were made under the TAC on Cooling Load (W. E. Zieber, Chairman). 

Following discussions with Prof. H. A. Johnson, University of California, a paper 
is being presented at the 54th Annual Meeting entitled Periodic Heat Transfer at the 
Inner Surface of a Homogeneous Wall. The committee feels that the work of Pro- 
fessor Johnson is an important step toward the development of tables for determining 
the instantaneous rates of heat flow through various solid structures. It is antici- 
pated that these calculations can be amplified and extended for use in air conditioning 
applications. 

Data on sol-air temperatures previously published for New York City and Lincoln, 
Nebr., show the effect of an industrial vs. a rural atmosphere. Plans are in hand to 
extend these data to include values for a humid-area atmosphere. A subcommittee on 
lights and appliances has agreed upon tests for various appliances and lighting equip- 
ment, and members of the subcommittee are carrying on field work to obtain more 
dependable data for this part of the cooling load. 

Insulation: Twenty laboratories, including one foreign laboratory, are participating 
in the program to obtain more accurate and dependable values of the thermal con- 
ductivity of building materials. All have been supplied with samples of corkboard; 
tests have been completed by 11 laboratories on 13 samples. These samples have been 
sent to the National Bureau of Standards where check tests are now under way. The 
TAC on Insulation is cooperating with a committee of A.S.R.E. in this program. 

Heat Transfer Coefficients of Evaporating Refrigerants: The investigation of 
coefficients of heat transfer for Freon-12 evaporating in horizontal tubes has con- 
tinued during the past year with emphasis on the collection of data on the effects of 
several variables; specifically, data have been obtained to demonstrate the effects of 
the following variables: ratio of tube length to diameter, refrigerant flow and refrig- 
erant quality, evaporator load, and temperature difference from tube to refrigerant. 
The range covered by each variable has been extended beyond that previously avail- 
able. At the present time data are being collected to show the effect of turbulence pro- 
moters on the heat transfer coefficient. 

No satisfactory methods of correlating the data have yet been devised, but it is 
hoped that some of the recent theoretical studies of evaporation may provide a basis 
for presenting the results in a logical manner. 


PHYSIOLOGICAL RESEARCH 


Environment and Comfort: The paper by F. B. Rowley, R. C. Jordan, and W. E. 
Snyder entitled Comfort Reactions of 275 Workers During Occupancy of Air Con- 
ditioned Offices, presented at the Semi-Annual Meeting, reported the results of a study 
of the general reactions of employees in an air conditioned office building during work- 
ing hours in the summertime. The maximum number of persons indicating comfort 
occurred at a dry bulb temperature of 74 F, and variations of relative humidity between 
35 and 60 percent caused no appreciable change in the feeling of comfort. This paper, 
together with two others presented at the same meeting, raised questions as to 
whether or not the Effective Temperature Index and all comfort charts based on it 
stood in need of revision, because they over-estimated the thermal effect of humidity 
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in temperatures below 80 F for persons at rest or in situations in which there is no 
active sweating. One of these papers, prepared by the TAC on Sensations of Comfort 
(C. P. Yaglou, Chairman), suggested the use of mean skin temperature as the basis 
for correcting the index for humidity and radiation. All the evidence points to a 
real need for additional research to clarify some of the points under discussion. 

Shock Effect: The results of studies to investigate the physiological adjustments of 
human beings to sudden change in environment were presented in a paper by Nathaniel 
Glickman, Dr. R. W. Keeton and their associates, at the Semi-Annual Meeting. A 
large number of tests with healthy young adult males showed that in general the 
physiological adjustments made on passing from a comfortable to a hot moist environ- 
ment and vice versa occurred rapidly and placed little strain on the cardiovascular 
system. The studies reported in this paper were made in the summer months of 1946. 
Some of the subjects were studied under comparable experimental conditions during 
the winter months of 1946-1947. No very significant differences were observed between 
the physiological adjustments made during the summer and the winter periods. Certain 
tests were also made during the past summer using 12 subjects, ranging in age from 
25 to 72 years, with cardiovascular impairment. For all these subjects the physiological 
adjustments to sudden changes of environment appeared to be made as easily and with 
as little strain on the cardiovascular system as with healthy young men. 

All Society research dealing with physiological reactions is under the direction of 
the TAC on Physiological Research (Dr. C.-E. A. Winslow, Chairman). 


PANEL HEATING AND COOLING 


There has been considerable activity in this field during 1947. At the 53rd Annual 
Meeting the Committee on Research approved the calling of a conference of organiza- 
tions interested in this field. This conference was held at the Laboratory in March 
and was attended by over 100 persons. It was recommended that steps be taken to 
form a technical advisory committee and develop a comprehensive research program. 
The TAC on Panel Heating and Cooling was formed in May under the chairmanship 
of G. D. Winans and at its first meeting, June 30, broke down the overall program 
into four main divisions as follows: 


A. Heat Distribution Within and Behind the Panel 
B. Heat Transfer Between the Panel and the Space 
C. Comfort Conditions 

D. Controls 


The Committee met again in August and setup the personnel of the groups to 
handle Parts A, B, and D. Group A under the chairmanship of L. N. Hunter met at 
the Laboratory on November 5 and approved the general plans for experimental and 
analytical studies. This program was approved by the Committee on Research and 
work commenced immediately. At the end of the year all the equipment and materials 
had either been delivered or were on order, and satisfactory progress had been made 
on the preliminary parts of the program. 

On December 1 Group B met at the Laboratory under the chairmanship of John W. 
James and also adopted a research program which will consist both of experimental 
and analytical studies. The program will call for the building at the Research Labora- 
tory of at least one test room in which the temperatures of all enclosing surfaces can 
be controlled over a fairly wide range. 

Group D met in Chicago on December 17 under the chairmanship of J. S. Locke 
and agreed to undertake a study to determine what controls are necessary for comfort 
regulation of panel heating and cooling systems. They recommended that the studies 
cover field surveys, tests in various types of buildings, and also analytical research. 

Steps are being taken to put the programs of Groups B and D on an active basis 
as rapidly as personnel and funds permit. Close cooperation is being maintained with 
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all organizations known to be interested in this field of activity, both in this country 
and abroad. 

Steady progress is being made in a cooperative research project at Kansas State Col- 
lege, the purpose of which is to investigate the relationship between radiant heating 
and cooling and human comfort and well-being. 

The panel heating and cooling research program is attracting a great deal of 
interest, and active support has been promised by several organizations in the industry 
and by groups, one of which, the /nstitute of Boiler and Radiator Manufacturers, has 
already assisted financially in these studies. 

Air Cleaning: Active work on a program designed to develop sound and accept- 
able codes for the testing and rating of air cleaning devices has been under way since 
March with the financial and technical support of both filter manufacturers and users. 
Mr. Maier’s visits, both to filter manufacturers and large industrial users, served to 
impress on us not only the complexity of the problem, but the urgent need for studies 
of the type planned by the TAC on Air Cleaning (R. S. Dill, Chairman). Following 
a program approved at a Committee meeting in August, which basically calls for the 
investigation of the performance of air cleaning devices with individual dusts of known 
particle size, test equipment was constructed and set up at the Research Laboratory. 
Following calibration of the test equipment, preliminary tests have been under way 
since late in November. Samples of test dusts are now being classified into definite 
particle sizes at the Bureau of Standards. 

Similar problems are facing the British filter industry; research work under way 
at the Building Research Station and through the British Standards Institution is 
designed to lead to acceptable standards for air cleaning devices and standard testing 
and rating codes. We have established and are maintaining liaison with those working 
in this field abroad. 

Corrosion: A new chapter entitled Water-Formed Deposits and Corrosion, will 
appear in THe Guipe 1948. It has been compiled by the TAC on Corrosion under the 
active direction of Leo F. Collins, Chairman. 


Oil-Heat Institute 


Present-day methods of producing gasoline from crude oil have markedly affected 
the chemical composition and physical structures of those by-products which remain 
for use as fuel in oil burners. This is particularly true of the lighter portions which 
are vsed in domestic units. Whereas some years ago burner fuel oils were the 
product of straight run distillation or thermal cracking processes, present-day fuels 
may contain or consist entirely of products from catalytic cracking plants. Experience 
has shown that in burning properties these catalytically cracked fuels differ from 
straight run fuels, although both may possess physical properties that place them in the 
same classification. 

Therefore, a means of differentiating these oils has been sought so as to be able to 
supply fuel of the proper characteristics to the thousands of oil burners now in use. 
One of several methods suggested is to burn the fuel in an apparatus that closely 
simulates standard practice, to measure its combustion characteristics in a suitable 
way, and by comparison with the burning characteristics of other fuels establish a 
rating for the fuel. Such a unit has been constructed according to the specifications 
of the Oil-Heat Institute of America and has been designated a Combustion Reference 
Test Unit. 

The Committee on Research was asked by the Engineering Committee of the Oil- 
Heat Institute of America to undertake a preliminary investigation to determine 
whether the unit developed accomplished the objectives of differentiating between the 
performance of two or more reference oils. The Committee on Research agreed to 
the proposal, and an investigation was carried out in December in Stamford, Conn., 
where the unit is at present located. G. V. Parmelee was in charge of the work and 
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was assisted by D. W. Lecklin. The Laboratory has welcomed this opportunity to 
cooperate with an important section of the heating industry in fundamental work of 
this type. 


General 


In addition to visiting several chapters, the writer spoke on the research program 
before the National Association of Power Engineers in Boston in August, the /nstitute 
of Boiler and Radiator Manufacturers in October, and the Steel Boiler Institute in 
November. C. M. Humphreys reviewed the basis of the A.S.H.V.E. Effective Tem- 
perature Index and Comfort Charts at a symposium on Humidity and Comfort held at 
Pennsylvania State College in September. 
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Bastian-Morley Co., Inc. 
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RESEARCH PAPERS—1947 


1. Comfort Reactions of 275 Workers During Occupancy of Air Conditioned Offices, by Frank B. 
Rowley, Richard C. Jordan, and Warren E. Snyder (Minneapolis) (A.S.H.V.E. Transactions, Vol. 
53, 1947, p. 357). 

2. Physiological Adjustments of Human Beings to Sudden Change in Environment, by Nathaniel 
Glickman, Tohru Inouye, Stanley E. Telser, M.D., Robert W. Keeton, M.D., Ford K. Hick, M.D. 
(Chicago) and Maurice K. Fahnestock (Urbana, Ill.) (A.S.H.V.E. Transactions, Vol. 53, 1947, p. 327). 

3. Forced Convection Heat Transfer from Flat Surfaces, by G. V. Parmelee and R. G. Huebscher 
(Cleveland) (A.S.H.V.E. Transactions, Vol. 53, 1947, p. 245). 

4. The Challenge of the A.S.H.V.E. Research Program, by Cyril Tasker (Cleveland) (A.S.H.V.E. 
Journa Section, Heating, Piping & Air Conditioning, August 1947, p. 119). 

5. The Thermal Properties of Building Materials Used in Heat Flow Calculations, by H. B. 
Nottage (Cleveland) (A.S.H.V.E. Transactions, Vol. 53, 1947, p. 215). 

6. The Downward Projection of Heated Air, by Linn Helander and C. V. Jakowatz (Manhattan, 
Kansas) (see Chapter 1327). 

7. The Discharge of Air from a Long Slot, by Alfred Koestel and G. L. Tuve (Cleveland) (see 
Chapter 1328). 

8. Friction Equivalents for Round, Square and Rectangular Ducts, by R. G. Huebscher (Cleve- 
land) (see Chapter 1329). 

9. Measurements of Solar Heat Transmission Through Flat Gass, by G. V. Parmelee, W. W. 
Aubele, and R. G. Huebscher (Cleveland) (see Chapter 1333). 


INSTITUTIONS COOPERATING WITH COMMITTEE ON RESEARCH 


Agricultural and Mechanical College of Texas, College Station, Tex.: The Effect of Secondary 
Turbulence on the Friction in a Flowing Stream of Water. 

Case Insti of Technology, Cleveland, Ohio: Air Distribution Project; Heat Transfer of 
Evaporating Refrigerants. 

Kansas State College, Manhattan, Kans.: Projection of Heated and Cooled Air Streams; Experi- 
mental Studies of Radiant Heating and Cooling. 

University of California, Berkeley, Calif.: Cooling Tower Design and Performance. 

University of Hlinois—College of Medicine, Chicago, Ill.: Physiological Adjustments of Human 
Beings to Rapid Changes in Environment. 

University of Minnesota, Minneapolis, Minn.: Statistical Analysis of Variables Entering into 
Sensory Reactions to Summer Air Conditioning. 


President Woods appointed a Special Service Committee as follows: Reg F. Taylor, 
chairman; John F. Collins, Jr., John E. Haines, L. P. Saunders, and L. N. Hunter. 

President Woods then introduced the author of the first technical paper, A. C. Bart- 
lett, Boston, Mass., who presented his paper, A Method of Fire Control (see Chapter 
1326). 

It was then announced by President Woods that the next paper, State Laws Con- 
cerning Industrial Exhaust Ventilation,* by K. J. Caplan, Lansing, Mich., and A. D. 
Brandt, Bethlehem, Pa., would be presented by title. 


SEconD SESSION—TUESDAY, FEBRUARY 3, 9:30 A. M. 


The second session convened at 9:30 a.m. in the Grand Ballroom of the Hotel 
Commodore, New York, with President Baldwin M. Woods presiding. Presi- 
dent Woods called for the report of the Board of Tellers of the election, which 
was presented by C. S. Koehler, chairman of the Board of Tellers, as follows: 


REPORT OF TELLERS 


In 
Vote for Officers and Council Proxy Person Total 
President, G. L. Tuve, Cleveland, Ohi0.............ccccscesesececseeseees 1637 7 1644 
Ist Vice Pres., A. E. Stacey, Jr., Syracuse, N. Y ae 7 1641 
2nd Vice Pres., L. T. Avery, Cleveland, Ohhio...................0 5 1612 
Treasurer, L. E. Seeley, Durham, N. H 7 1627 


* A.S.H.V.E. Journat Section, Heating, Piping & Air Conditioning, February 1948, p. 118. 
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In 
Vote for Members of Council Proxy Person Total 
H. E. Sproull, Cincinnati, Ohio.......0..,.....0000 1520 7 1527 
Totat Batiots RECEIVED 1754 1761 
LEGAL 1645 7 1652 


Scattering votes for: 2 other Candidates for President 
8 other Candidates for 2nd Vice Pres. 
9 other Candidates for Council 


Vote for Committee on Research (3 year term) 


A. B. Algren, Minneapolis, Minm....................csssssseseseseees 1536 7 1543 
F. W. Hutchinson, Berkeley, 1538 1545 
1486 7 1493 


Scattering Votes for 7 other Candidates 


Vote for Amendments to Constitution 
Legal Ballots: 1 18 
Board of Tellers 
C. S. Koehler, Chairman 


P. B. Gordon 
H. S. Johnson 


The chairman announced that in accordance with the results of the election 
the officers were declared elected. 

The chairman also announced that in accordance with the election he declared 
that the amended Constitution, as submitted to the members on December 29, 
1947, was adopted. 


REPORT OF MEMBERSHIP COMMITTEE 


M. W. Bishop, chairman of the Committee, said that, on January 1, 1948, the mem- 
bership totaled 5,925, representing a net increase of 640 during the year. Our actual 
gross gain during the year was 868, with a total loss of 228. 

The net gain of 640 is believed representative of a trend that we may hope will 
continue. The advancement of 46 members from the Associate grade to full Member 
grade is a trend that should be continued. 

There was a net increase of 95 in Junior members, which represented a 37 percent 
increase in that particular grade. Student membership increased from 76 to 103. 

During the year, the membership committee was assisted by an advisory group of 
seven men, who were chosen from zones approximating the zones used by the Nomi- 
nating Committee. 


On motion of R. L. Gifford, seconded by F. C. McIntosh, it was voted that the 
Report of Membership Committee be received and filed. 

Chairman Woods spoke of the increased amount of work required in counting 
the ballots for 1948 due to change in the method of election, and stated that the 
appreciation of the Society was due to Board of Tellers. 

Chairman Woods then asked A. E. Stacey, Jr., vice-president elect, to assume 
the chair and conduct the technical session. 


; 
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The first paper presented was Downward Projection of Heated Air by Linn 
Helander and C. V. Jakowatz, Manhattan, Kans. (see Chapter 1327). 

The next paper, The Discharge of Air from a Long Slot, by Alfred Koestel 
and G. L. Tuve, Cleveland, Ohio (see Chapter 1328) was presented in abstract 
by Mr. Koestel who stated that the paper was the result of a cooperative research 
project carried on at Case Institute of Technology. 

At the request of Chairman Stacey, Ernest Szekely, chairman of the TAC 
on Air Distribution and Air Friction, reviewed some of the work of the Com- 
mittee which lead to the research program inaugurated by the Committee. 

Chairman Stacey introduced R. G. Huebscher, Cleveland, Ohio, who presented 
an abstract of his paper, Friction Equivalents for Round, Square and Rectangu- 
lar Ducts (see Chapter 1329). 

A detailed report and commentary on A.S.H.V.E. Research in Air Distribu- 
tion and Air Duct Friction* was presented by Cyril Tasker, Director of Research. 

Chairman Stacey thanked Mr. Tasker and the other authors who had taken 
part in the meeting. Following a number of announcements, the meeting was 
adjourned at 12:45 p.m. 


Tuirp SEssIionN—TvEspDAY, Fesruary 3, 2:00 P. M. 


Chairman G. L. Tuve called the meeting to order at 2:00 p.m. and a period 
of silence was observed by the assemblage, who stood up to honor the memories 
of William T. Jones and J. Herbert Walker, two outstanding members whose 
deaths had occurred during the past year. 

The session then proceeded with reports on the progress of panel heating and 
cooling research. 

A report of the Panel Heating Research Program** by G. D. Winans, chair- 
man of the TAC on Panel Heating and Cooling, outlined the scope of the work 
as follows: “To obtain data that will permit the proper calculation and design of 
panel heating and cooling systems with the present emphasis being on applica- 
tions for human comfort.” The work was divided into four parts, each section 
handled by a sub-committee designated as Groups A, B, C, D, to study the four 
subdivisions, which are: 


Group A—Heat Distribution Within and Behind the Panel 
Group B—Heat Transfer Between the Panel and the Space 
Group C—Comfort Conditions 

Group D—Controls 


L. N. Hunter, chairman, Group A, Subcommittee on Heat Distribution Within 
and Behind the Panel, reviewed the progress of the committee’s work and ex- 
plained that the proposed program was to determine experimentally the heat 
distribution within and behind concrete and plaster panels as influenced by type, 
size and spacing of conductors. depth of covering, properties of the material 
composing the panel, temperature of the heating medium and the type and thick- 
ness of the covering or insulation above and below the panel surface. 

John James, Cleveland, Ohio, chairman, Group B—Subcommittee on Heat 
Transfer Between the Panel and the Space, described the proposed test room 
and said that actual conditions in occupied rooms would be simulated. 


*See A.S.H.V.E. Journat Section, Heating, Piping & Air Conditioning, April 1948, p. 125. 
** See A.S.H.V.E. Journat Section, Heating, Piping & Air Conditioning, April 1948, p. 130. 
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J. S. Locke, Minneapolis, Minn., chairman, Group D—Subcommittee on 
Controls, said it was originally organized to study: (1) heat storage and cyclic 
effects; (2) intermittent vs. continuous heating; and (3) load anticipating 
controls. 

R. G. Vanderweil, New York, N. Y., reviewed the history of panel heating 
and remarked that many systems of empirical design had been in operation 30 
years. He traced the attempt to obtain a more scientific approach to panel heat- 
ing design. Instead of elaborate computations he advocated a simplified method 
using charts he had prepared, since this method would yield results within 5 to 
10 percent of the actual output. He then presented an abstract of the paper, 
Measurement of Heat Output of a One Square Foot Panel, by R. S. Leigh, 
Waterbury, Conn., and R. G. Vanderweil (see Chapter 1330). 

Chairman Tuve introduced B. W. Levy, who presented the paper, Air 
Temperature Gradients in a Panel Heated Room, by J. M. Ayres and B. W. 
Levy, Lafayette, Ind. (see Chapter 1331). 

Before introducing the next author, Chairman Tuve stated that in heat trans- 
fer work engineers generally assumed equilibrium conditions which actually 
were not obtained in practice. He then introduced Prof. H. A. Johnson, Berke- 
ley, Calif., who presented his paper, Periodic Heat Transfer at the Inner Sur- 
face of a Homogeneous Wall (see Chapter 1332). 

The meeting was adjourned at 4:40 p.m. 


FourtH SESSION—WEDNESDAY, FeBruARY 4, 9:30 A. M. 


Chairman L. P. Saunders called the fourth session to order at 9:30 a.m., and 
G. V. Parmelee gave a progress report on heat transfer through glass. This 
was followed by his presentation of the paper, Measurements of Solar Heat 
Transmission Through Flat Glass, by G. V. Parmelee, W. W. Aubele, and 
R. G. Huebscher, Cleveland, Ohio (see Chapter 1333). 

Dr. D. H. K. Lee, Brisbane, Australia, presented the paper, Thermal Assess- 
ment of the Environment.* 

R. S. Farr, Los Angeles, Calif. presented an abstract of the paper, An 
Improved Test Method for Rating Air Filters, by R. S. Farr, W. N. Pauley, 
and K. A. Crismon, M.D., Los Angeles, Calif. (see Chapter 1334). 

R. S. Dill, Washington, D.C., chairman of the Guide Publication Committee 
for THE GuivE 1948, presented a report of Committee activities. 

The session was adjourned at 12:10 p.m. 


FirtH SESSION—WEDNESDAY, FEBRUARY 4, 2:00 P. M. 


First Vice President G. L. Tuve called the meeting to order at 2:00 p.m. and 
then requested Lester T. Avery to preside. 

Mr. Avery stated the purpose of the meeting was to bring out information 
regarding the heat pump, and five presentations of different phases of the sub- 
ject were to be given. 

J. D. Kroeker, Portland, Ore., gave an abstract of the paper, A Heat Pump in 
an Office Building, by J. D. Kroeker and R. C. Chewning, also of Portland 
(see Chapter 1336). 


” hd discussion see A.S.H.V.E. Journat Section, Heating, Piping & Air Conditioning, April 1948, 
p. 133. 


} 

a 

i 


54 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS . 


W. E. Johnson, Bloomfield, N. J., presented his paper, Economic and Techni- 
cal Aspects of the Heat Pump (see Chapter 1335) in which he emphasized 
three main points. 

Walter Herrman, New York, N.Y., presented a talk on Power to Operate 
These Heat Pumps.t This was followed by a discussion by E. N. Kemler, New 
York, N.Y., on Research Aspects of the Heat Pump, by E. N. Kemler and 
N. 

Chairman Avery next called upon Marvin Smith, Muncie, Ind., who was 
assigned the subject, Operating Data of the Heat Pump. 

After a lengthy discussion the meeting was adjourned at 4:15 p.m. 


SrxtH Sess1on—Tuurspay, Fesruary 5, 10:00 A. M. 


The concluding session was opened by President Woods, who announced the 
first paper, A New Method for Selecting Winter Design Temperatures, and 
then introduced the author, C. M. Humphreys, Cleveland, Ohio, who presented 
the paper (see Chapter 1337). 

President Woods introduced H. E. Landsberg, Washington, D.C., whose 
subject was Use of Climatological Data in Heating and Cooling Design (see 
Chapter 1338). 


INSTALLATION OF OFFICERS 


President Woods announced that the installation of officers would be conducted 
by W. H. Driscoll, past president of the Society. 

The newly elected Council members, D. M. Allen, Kansas City, Mo., F. A. 
Hamlet. Montreal, Que., Canada, C. S. Leopold, Philadelphia, Pa., and H. E. 
Sproull, Cincinnati, Ohio, were escorted to the rostrum. 

Mr. Driscoll welcomed Dean L. E. Seeley, Durham, N. H., newly elected 
treasurer and then called for Lester T. Avery, Cleveland, Ohio, second vice 
president, and A. E. Stacey, Jr., Syracuse, N.Y., first vice president. 

Prof. G. L. Tuve, president-elect, was presented and Mr. Driscoll said, “you 
have now achieved the highest honor in the Society and in welcoming you to the 
high office of president we believe that the steady progress of the Society will 
continue. You are now taking your place as the 54th president of the Society 
and I know that you will maintain the high standards that have been set up by 
the long line of distinguished predecessors.” 

President Tuve then took the gavel and expressed his appreciation for the 
honor of being president of the Society and said that he felt that one of the 
greatest compensations the Society offers is the strong friendships that are 
formed during the years of service in Society work. He announced the total 
registration as: Members—1009; Guests—490; Ladies—306; Total—1805. 

John Everetts, Jr., secretary of the Chapter Delegates Committee, presented a 
resolution which was offered by the Chapter Delegates Committee in the form 
of an amendment to Article C-V, Section 1 of the Constitution in accordance 
with Article C-XVI, Section 1, of the Society's Constitution and By-Laws. 


yg discussion see A.S.H.V.E. Journat Section, Heating, Piping & Air Conditioning, April 1948, 


Pp. 
tt See A.S.H.V.E. Journat, Section, Heating, Piping & Air Conditioning, April 1948, p. 107. 
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On motion, properly seconded, it was voted, 


Tuat the resolution be referred to the Constitution and By-Laws Committee for final drafting and 
submission to the membership. 


The motion was unanimously carried. 


RESOLUTIONS 


D. M. Mills, Houston, Texas., chairman of the Resolutions Committee then 
presented his report as follows: 


Wuereas, Dr. Baldwin M. Woods has served on many Society Committees as member and chair- 
man, has served on the Council since 1942 to the present time, was first vice president in 1946-47, 
and has been president in the year just ended. 

Wuereas, his continuous and able application to Society duties has been outstanding and has con- 
tributed to maintaining the high standards set by previous officers. 

Be Ir Resotvep, That the A.S.H.V.E. extends its grateful thanks and appreciation to him for his 
aggressive and yet unselfish activity in behalf of the Society. 


* * 


Whereas, the 54th Annual Meeting of the Society at New York has been an exceptional success 
through the efforts of the New York Chapter, presided over by the President, M. C. Giannini, and 
through the Committee on Arrangements under the able leadership of Walter E. Heibel, and 

The assistance of all other organizations and individuals who assisted in providing opportunities for 
instruction and entertainment, therefore 

Be Ir Resotvep, That an expression of appreciation be adopted and that copies be sent to each 
of the following: 

To M. C. Giannini, President of New York Chapter. 


* * * 


To Walter E. Heibel, chairman of Committee on Arrangements and to his several committee chair- 
men, members, and their ladies. 

To Randolph H. Carpenter, toastmaster of the Banquet. 

To the authors of technical papers. 

To the New York Convention and Visitors Bureau for its cooperation and assistance in registra- 
tion and housing. 

To Charles F. Roth and his staff for the splendid 8th International Heating and Ventilating Expo- 
sition held concurrently with our Meeting. 

To William E. Haskell for his inspiring talk at the Welcome Luncheon. 


* 


To William B. Stout for his entertaining address at the Annual Banquet. 

To members and guests of Society attending from the following eight countries: Czechoslovakia, 
England, France, India, Mexico, Norway, Sweden, and Switzerland. 

To the New York Hotels for their splendid cooperation and to the Hotel Commodore for an 
excellent banquet and courteous service. 

To the Newspapers and Trade Papers for their coverage of this Annual Meeting. 

To the American, United and Trans-Canada Airlines for their assistance in transportation. 

To the Languild Service for its courteous service to members. 


RESPECTFULLY SUBMITTED, 


D. M. Mills, Chairman 
S. L. Gregg 
H. D. Bratt 


On motion, properly seconded, the resolutions were unanimously adopted by 
standing vote. 

The 54th Annual Meeting of the Society adjourned at 11:30 a.m. on Thursday, 
February 5, 1948. 
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PROGRAM 54th ANNUAL MEETING 
HOTEL COMMODORE, NEW YORK, N. Y. 
February 2-5, 1948 


SUNDAY, FEBRUARY 1 
1:30 p.m. REGISTRATION—Ballroom Floor 


MONDAY, FEBRUARY 2 
8:30 am. REGISTRATION 


9:30 am. BUSINESS SESSION—Grand Ballroom 
Call to order 


Report of President 
Report of Treasurer 
Report of Council 

Report of Secretary 


Report of Committee on Constitution and By-Laws 
Discussion on Amendments to By-Laws 


Annual Report of 1947 Committee on Research, 
L. P. Saunders, Chairman 


A Method of Fire Control by A. C. Bartlett 
State Laws Concerning Industrial Exhaust Ventilation, by K. J. Caplan 
and A. D. Brandt 
12:15 p.m. Welcome Luncheon—Grand Ballroom 
Toastmaster: M. C. Giannini, President of New York Chapter of 
Vv. 


Address: William E. Haskell, 
Assistant to the President, New York Herald Tribune 


Subject: What's Going On? 


2:00 p.m. Opening 8th International Heating and Ventilating Exposition—Grand 
Central Palace 


5:30 p.m. Get Together—Social Hour—East Ballroom 


TUESDAY, FEBRUARY 3 


9:00 am. REGISTRATION 


9:30 am. TECHNICAL SESSION—Grand Ballroom 

Report of Tellers of Election 

Report of Membership Committee 

Downward Projection of Heated Air, by Linn Helander and C. V. 
Jakowatz 

The Discharge of Air from a Long Slot, by Alfred Koestel and 
G. L. Tuve 

Friction Equivalents for Round, Square and Rectangular Ducts, by 
R. G. Huebscher 

A Summary of A.S.H.V.E. Research in Air Distribution and Ventila- 
tion, by Cyril Tasker 


12:00 p.m. 8th International Heating and Ventilating Exposition—Grand Central 
Palace 
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2:00 p.m. 


6:30 p.m. 


9:00 a.m. 
9:30 a.m. 


12:00 p.m. 


2:00 p.m. 


7:00 p.m. 


9:00 a.m. 
10:00 a.m. 


12:00 p.m. 
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TECHNICAL SESSION—Grand Ballroom 

The A.S.H.V.E. Panel Heating Research Program, by G. D. Winans 

Measurement of Heat Output of a One Square Foot Panel, by R. S. 
Leigh and R. G. Vanderweil 

Air Temperature Gradients in a Panel Heated Room, by J. M. Ayres 
and B. W. Levy 

Perodic Heat Transfer at the Inner Surface of a Homogeneous Wall, 
by H. A. Johnson 


Past President’s Dinner—Parlor F. 


WEDNESDAY, FEBRUARY 4 
REGISTRATION 


TECHNICAL SESSION—Grand Ballroom 


Measurements of Solar Heat Transmission through Flat Glass, by 
G. V. Parmelee, W. W. Aubele, and R. G. Huebscher. 


Thermal Assessment of the Environment, by Dr. D. H. K. Lee 


An Improved Test Method for Rating Air Filters, by R. S. Farr, 
W. N. Pauley and K. A. Crismon, M.D 


The 1948 Guide, by R. S. Dill 


8th International Heating and Ventilating Exposition — Grand Central 
Palace 


TECHNICAL SESSION—Grand Ballroom 
Symposium—The Heat Pump for Year ’Round Air Conditioning 
Economic and Technical Aspects of the Heat Pump, by W. E. Johnson 
Heat Pump in an Office Building, by J. Donald Kroeker and R. C. 
Chewning 
Power to Operate These Heat Pumps, by Walter Herman 
Research Aspects of the Heat Pump, by E. N. Kemler and N. Kulik 


Annual Banquet—Grand Ballroom 
Toastmaster: Randolph H. Carpenter 
Speaker: William B. Stout 
Subject: “These Human Miracles” 
Presentation of Past President’s Emblem 


THURSDAY, FEBRUARY 5 
REGISTRATION 


TECHNICAL SESSION—IVest Ballroom 


A New Method for Selecting Winter Design Temperatures, by C. M. 
Humphreys 

Use of Climatological Data in Heating and Cooling Design, by H. E. 
Landsberg 

Installation of Officers 

Unfinished Business 

New Business 

Resolutions 

Adjournment 


8th International Heating and Ventilating Exposition—Grand Central 
Palace 
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COMMITTEE ON ARRANGEMENTS 
Watter E, General Chairman 


Honorary Chairmen 
Homer Addams, William H. Driscoll, Walter L. Fleisher 
Dwight D. Kimball, Alfred J. Offner 


Vice Chairmen 
P. B. Gordon, H. S. Johnson, Carl F. Kayan, 
C. S. Koehler, H. J. Ryan 


Carl H. Flink, Secretary 


Reception—M. C. Giannini, chairman; 
W. A. Sherbrooke, vice-chairman; P. D. 
Bemis, H. H. Bond, A. C. Buensod, V. 
J. Cucci, H. B. Hedges, C. S. Koehler, 
L. L. Munier, O. O. Oaks, S. R. Osborne, 
C. S. Pabst, E. J. Ritchie, Winfield 
Roeder, H. J. Ryan, Joe Wheeler, Jr. 


Banquet—W. A. Swain, chairman; H. 
H. Bond, J. W. Booker, F. D. Lawrence, 
R. M. Nee, F. V. Self, B. F. Thomas, Jr. 


Entertainment—Howard J. Rose, chair- 
man; A. A, Bearman, J. C. Fitts, A. F. 
Hinrichsen, F. D. McCann, G. E. Olsen. 


Exposition—C. F. Roth, chairman; O. 
W. Armspach, G. Donald Fife, J. C. 
Fitts, Ernst Graber, Miss Beatrice Hicks, 
W. C. Kruse, Jr., E. K. Stevens. 


Finance—W. M. Heebner, chairman; 
H. W. Fiedler, vice chairman. 


Ladies—H. S. Wheller, chairman; C. 
H. Smith, vice-chairman; Mrs. Mae Cim- 
ler, secretary; Mr. and Mrs. R. W. Cum- 
ming, Mr. and Mrs. H. B. Eells, Mrs. 
F. D. Lawrence, Mrs. Alfred Offner, Mr. 
and Mrs. T. R. Peyrek, Mrs. C. H. Smith, 
Mr. and Mrs. F. J. Swaney, Mrs. H. S. 
Wheller, H. S. Wheller, Jr. 


Publicity—Clifford Strock, chairman; 
W. J. Osborn. 


Sessions—H. S. Birkett, chairman; L. 
D. Angell, S. R. Apt, G. C. Cummings, 
Albert Giannini, C. W. Hartmann, Harry 
Hartmann, H. J. MacKay, J. D. W. Rob- 
ertson, J. E. Schechter, J. G. Skidmore. 


No. 1326 


A METHOD OF FIRE CONTROL 


By A. C. Bartiett*, Boston, Mass. 


— disastrous fires, such as Boston’s Cocoanut Grove and the Chicago 
and Atlanta hotels, have started a wave of building code revisions. As 
would be expected, complete enclosure of all stairways, elevator shafts and 
moving stairways, or escalators, to prevent the spreading of fire from floor to 
floor of a building seems to be in the minds of most of the code authorities. 


Since the enclosure of escalators in department stores detracts materially 
from the value of the device to the store owner, it was desirable to devise a 


method of fire control which would prevent the spread of fire in a multi-story 
building through floor openings but which would not require complete enclosure. 

An experimental building 70 ft long by 30 ft wide, two stories high was 
constructed and two mock escalators were built in, one above the other, to 
simulate an actual installation. Experiments were then conducted in the build- 
ing with various arrangements of sprinklers in an attempt to confine fire to 
the first floor. Fairly satisfactory results were obtained with high velocity jets 
spraying directly down the escalator ramp, completely filling the wellway with 
high velocity spray. 

It was found, however, that after fires had been burning for some time on the 
first floor, bursts of hot air and smoke came up the wellway through the high 
velocity water jets. It was then realized that in order to be effective, any sys- 
tem devised should reduce the pressure in the space where a fire occurs and 
should remove the smoke and toxic gases produced by a fire. 


A system was therefore developed combining the use of an exhaust fan to 
reduce the pressure in the fire area by removing the overheated air and smoke, 
and a water curtain around the wellway to cool and reduce the volume of the 
gases. Such a system is not a fire extinguishing system. It is, rather, a 
method of controlling fire by confining it to the floor on which it occurs until 
the fire department arrives. This permits people in the building to escape and 


*Assistant manager, Heating and Air Conditioning Dept., Sturtevant Division, Westinghouse Elec- 
tric Corp. Member of A.S.H.V.E 

Presented at the 54th Ananal Meeting of the American Society or HeatinG aND VENTILATING 
Enaineers, New York, N. Y., February 1948. 
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prevents panic. Before explaining the operation of the system of control, con- 
sideration should be given to the action which causes fire to spread from one 
floor to another. 

When a fire starts, it begins to heat the air in its immediate vicinity. Since 
hot air occupies more space than cool air, there is an increase in pressure in 
the area and this pressure becomes greater as the fire progresses. It causes a 
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Fic. 1. BARRIER DUCT AROUND CEILING OPENING 


flow of smoke, gases and hot air to areas of lower pressure. In addition, the 
hot air, smoke and gases tend to rise and seek passage upward through any 
opening such as stairways, escalators, etc., that may be available. If the pressure 
and temperature continue to rise they reach a point which corresponds to the 
ignition point of some of the material or goods in the structure. The simul- 
taneous ignition which takes place is what is usually termed a hot air explosion. 
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Fic. 2. BARRIER DUCT, TOP VIEW 


Smoke and toxic gases spreading from floor to floor as a result of pressure 
and temperature are the principal causes of panic and death. It was recognized 
by the investigators that any scheme of fire control must eliminate these panic 
and death dealing agencies to the greatest extent possible, and prevent them 
from spreading throughout the building. 

The total enclosure of escalators does not seem to be the answer to the problem 
of confining the fire because an enclosure of this type is not gas tight. The 
enclosure acts as a natural flue or stack through which the smoke and gases 
tend to rush and spread in mushroom shape on the upper floors. If there is a 
vent in the top of this stack, some of the gases escape through it for a while, 
but if the fire becomes intense, the flow of gases becomes too great for the 
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vent opening. Pressure develops in the top of the well and the gases spread 
out or escape through any available crack or opening. The fact that enclosure 
doors are not too tight and may be opened in spite of instructions to the con- 
trary, only increases the danger. 

The investigators found that a method of keeping the fire entirely on the 
floor where it occurred was a combination of an exhaust system to remove 
most of the smoke and gases and to produce a negative pressure in the vicinity 
of the fire, with a water curtain to cool the gases when the fire started near or 
approached too closely to the escalator. Such a system would cause fresh air 
to flow from adjacent floors to the floor where the fire was rather than vice versa. 

When the system described is equipped with a fan of proper size, a large fire 
can be maintained on one floor, an actual downdraft can be maintained through 
the escalator openings, and the escalator can even be used as a supplementary 
means of egress. The effectiveness of this system has been demonstrated to 
fire department officials, representatives of the National Fire Protection Asso- 
ciation, and many others. 

The system as described in this paper is simple and reasonable in cost. The 
principles employed are shown in Figs. 1, 2, 3 and 4. A collection duct, Figs. 
1 and 2, forming a barrier is placed at the ceiling around the entire opening to 
be protected; this duct has a continuous slot at the outside bottom corner, 
through which a high velocity is maintained to collect all smoke and gases 
which attempt to pass down and around it. A branch duct, see Fig. 3, leads to 
a vertical riser which conveys the smoke and gases to a fan located on the roof 
or in the attic of the building. The fan discharges out-of-doors. 

In a multi-story installation there must be a shut-off damper (see B in Fig. 4) 
in each of the branch ducts; all dampers being normally closed, and arranged 
so that only the one on the floor where a fire occurs will open in the event 
of a fire. Further, an opening (see A in Fig. 4) must be provided on the 
uppermost floor served by the escalators. This will open in the event of a fire, 
on any floor, and admit fresh air which will be drawn downward through the 
opening to the floor where the fire occurs. 

The operation of the system and sequence of control in case of fire is as follows: 


Referring to Fig. 3, assume that a fire starts on the second floor. The action of a 
flow switch, a heat sensitive device, or the pressing of a push button causes the fol- 
lowing actions to happen simultaneously : 


The exhaust fan starts. 

The fresh air intake (A in Fig. 3) opens. 

Shut-off damper (B in Fig. 3) on the second floor only opens. 
The escalator stops. 

All ventilating or air conditioning systems stop. 

The fire department is notified. 


wp 


When the system has been started there will be an inward flow of air at A 
(Fig. 3). This will flow down through the escalator openings to the second 
floor. Smoke and gases from the fire will spread over the ceiling of the 
second floor, and in attempting to pass around the barrier duct, will be drawn 
in by the high suction in the slot. There will also be an air motion of not less 
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than 150 fpm up through the escalator opening from the first floor and it will 
be found that the fire can be confined to the second floor—at least until people 
have had a chance to escape from the building—and the fire department has 
arrived to take over. 


If the fire reaches sufficient intensity to create a temperature of about 135 F 
near the escalator opening, it sets off a pilot sprinkler that opens a valve 
supplying water to the open water curtain heads, causing a curtain of water to 
surround the entire opening. 

From the foregoing description of the operation of this system, it can be 
seen that it provides for the removal of smoke and gases from the area where 
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Fic. 3. Fire CONTROL SYSTEM 


a fire occurs, and prevents their spread to floors above the fire with the conse- 
quent danger of panic and death. It also confines the fire to the floor on which 
it starts and makes it possible for the fire department to fight it both from 
below and above with comparative safety; and it relieves pressure normally set 
up by a fire, thereby decreasing the danger of so-called hot air explosions. 


Generally, the system must be installed as a separate system in order to avoid 
complications that would result if it were incorporated in an air conditioning 
or ventilating system, and it should be inspected and tested periodically to 
make sure that it is in good operating condition. 

The exhaust fan motor and the control devices to open dampers and to stop 
escalators and air conditioning systems must be wired independently of other 
apparatus in the building and this wiring should be installed in accordance with 
the NFPA code for the wiring of fire pumps. 
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The principal function of the exhaust system in the method of fire control 
described is to create a negative pressure in the area where the fire occurs, 
thereby causing a downdraft through the ceiling openings of sufficient intensity 
to prevent smoke, hot air and gases passing up to floors above. 
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Fic. 4. CONTROL FOR INTAKE AND DUCT DAMPERS 


ENGINEERING INFORMATION FOR EXHAUST SYSTEM 


From observation it has been determined that a downdraft velocity of 300 
fpm average across the opening is sufficient. However, in order to select a fan 
of sufficient size to create this velocity, several factors must be taken into con- 
sideration and possibly the effect of these factors is best illustrated by a specific 
example. The example applies to an intermediate floor, in a multi-story depart- 
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ment store, having two moving stairways, one up and one down; having a 


nominal opening perpendicular to the treadway of 36 sq ft; a floor area of 
20,000 sq ft; and the clear height 15 ft. 


The fan capacity should be determined somewhat in the following manner : 


Volume required by opening ............ 36 X 2 X 300 = 21,600 cfm 
Volume required to offset infiltration® ....... = oe x). 5,000 cfm 


Volume required to offset updraft through opening from 


36 X 2 X 150 = 10,800 cfm 
Volume required to offset heat of fire, say 10 deg, 300,000 x on — 300,000 = 5,660 cfm 
Approximate fan capacity in round figures... .......24. = 45,000 cfm 

a Infiltration based on one air change per hour may be more or less depending on volume of space 


and building construction. 
b From norma! updraft observed from many installations. 


The air should be exhausted through a continuous slot in the lower outside 
of a duct completely surrounding the ceiling openings as shown in Fig. 1; the 
duct forms a barrier around which smoke and gases must flow before reaching 
the openings. 

To determine the width of the slot it is necessary to assume a velocity through 
it, found to be about 2000 fpm as an optimum. 

In Fig. 2 it will be noted that the barrier duct has a perimeter of approxi- 


mately 160 ft. The area of the slot required at 2000 fpm velocity is bes =22% 


2 
sq ft assuming 100 percent effectiveness of slot area, but since only about 90 
percent effectiveness can be expected, the area required will be a = 25.0 sq ft. 
25.0 X 144 


The slot width required will be a= 3:37 in 


160 X 12, 

The resistance against which the fan must operate depends largely on the 
velocity maintained in the ducts and an approximate method of figuring will be 
given. Assuming a velocity of 2000 fpm in the slot, 2000 fpm in the barrier 
duct, 3000 fpm in the branch duct and 4000 fpm in the riser (assumed as 100 ft 
long in a six-story building) computations are made as follows: 


Barrier duct 80 ft long _ = 11.25 sq ft area equivalent to 4 ft diameter circle 
Branch duct 40 ft long 3000 ~ 15 sq ft area equivalent to 4.5 ft diameter circle Riser 


100 ft long te = 11.25 sq ft area equivalent to 4 ft diameter circle. 
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Assuming one velocity head loss in 60 equivalent diameters the pressure loss 
in the system will be as follows: 


| In. Water 
2 
In barrier duct 
40 1 3000 \? 
, 100 1 4000\2 


Select a fan having a capacity of 45000 cfm against a static pressure of 1.5 
in. water column, 

The exhaust system should be designed with full radius elbows wherever 
possible and no duct turns or any other construction features which might 
possibly become an obstruction in years to come should be used; the ducts 
should be of heavy gage iron, not lighter than No. 18 U. S. standard gage 
or preferably No. 12. 

A weighted shut-off damper must be placed in each branch duct. The damper 
should be held in the closed position by a Derby release (See Fig. 4) or similar 
device which will be tripped in case of fire by one of the various controls. 

The fresh air opening should be located on the uppermost floor served by the 
moving stairways, either on a side wall, or on the roof in case the stairway 
goes to the top floor. It should be fitted with a louver damper kept closed 
by a Derby release to be tripped by the control and should be opened by a 
weight hung on a lever. The opening should have a free area sufficient to 
admit an air volume equal to 75 percent of the fan capacity at a velocity not 
exceeding ,1000 fpm. 


ControL EQuipMENT 

The control of the system is really divided into two parts, that which operates 
the exhaust equipment and that which operates the water curtains around the 
escalator openings. 

In a building completely equipped with sprinklers, as is standard in most 
department stores, the opening of any automatic sprinkler anywhere in the main 
floors starts the exhaust fan; opens inlet damper A (Fig. 3) and the exhaust 
damper B (Fig. 3) at the ceiling of the floor where the fire has occurred; stops 
the escalators; stops operation of the air conditioning system; and turns in a 
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fire alarm. All this is accomplished electrically by connections to flow switches 
inserted in the automatic system supply pipes at appropriate places. In many 
cases this may be all the equipment that will operate unless there is need for 
operation of the water curtains around the escalator openings. 

If, however, the fire should start near the foot of an escalator, or if heat 
waves from a more remote fire should approach the escalator, because early 
control of the fire by the automatic sprinklers has been hampered by such 
obstructions as showcases, etc., pilot sprinklers, placed around the ceiling open- 
ing of the escalator and located just outside the air duct, operate at 135 F to 
trip a deluge valve. This valve then supplies water to the open sprinklers 
forming the water curtain around the ceiling opening and just outside the 
exhaust ducts. It is this water curtain that cuts off flame and heat and a con- 
siderable amount of smoke from going up the escalator, and yet it is so located 
around the escalator that in an emergency, passage up and down the escalator 
is relatively unobstructed. This curtain also serves to cool the exhaust ducts 
in the vicinity of the hot gas entrances. 

The open sprinklers forming the water curtain are of ¥% in. size, and are 
spaced about 4 ft apart. Standard 135 F automatic sprinklers are used for 
pilot sprinklers, and there should be a minimum of one on each side and end 
of the ceiling opening. 

Heat sensitive devices of various types may, if desired, replace the pilot 
sprinklers for the control of the deluge valve which supplies the water curtain. 
The extreme sensitivity of some such devices, however, is not needed, and is 
possibly not even desirable. The simplicity of the pilot sprinkler type of opera- 
tion is an advantage. 

The activities initiated by the operation of any automatic sprinkler in the 
regular sprinkler system may be supplemented, if desired, by the operation of 
smoke detectors or thermostats. In a building not equipped with sprinkler 
systems smoke detectors or thermostats may be used to control the exhaust fan. 
The automatic water curtain, however, is included in the complete equipment. 

It will be preferable to add a manual break glass type of box at each escalator 
and at each floor level to allow for manual operation of the system. Such a 
manual box will perform all the functions already listed as being initiated by 
the opening of the first automatic sprinkler. Concealed or locked test switches 
appropriately located should be included for the periodic testing of the exhaust 
system, damper control and escalator controls. In any city where central station 
sprinkler supervisory service is available, a connection to this service should 
be a part of this system. In such a case the test switches should be a part of 
central station service equipment, and the periodic test program should be 
carried out as a part of the central station supervisory service. 

To determine the effectiveness of the system in the test building, a fire was 
created by burning alcohol in two 5 x 3 ft pans, two 2 x 2 ft pans, two sala- 
manders filled with dry kindling wood and a large pile of oil soaked waste. 
Additional smoke was created by the ignition of 18 to 24 smoke bombs. The 
starting of the fire is shown in Fig. 5. Fig. 6 shows the condition on the first 
floor one minute after ignition, and Fig. 7 shows smoke and gases coming up 
the wellway at the same time. Temperature readings from thermocouples located 
on the first floor ceiling, north and south, showed an average of about 230 F. 
Half way up the escalator the temperature was 220 F; the second floor tempera- 
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ture was 80 F. Immediately after the protection was started the temperatures 
in the respective locations were 160 F, 80 F and 80 F; a downdraft in the well 
was created and conditions as shown in Fig. 8 were established. 

Since the engineering of such a system is in the field of the heating and 
ventilating engineers, the foregoing information is given in the hope that those 
engineers who encounter the problem of fire control in multi-story buildings 
may know what can be done in the interest of human safety. 
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DISCUSSION 


A. C. Buensop, New York, N. Y.: The writer happens to be in the position of 
being on the Air-Conditioning Committee of the National Fire Protection Association, 
and in conjunction therewith the full membership of the Air-Conditioning Committee 
is now voting on smoke removal by mechanical means from buildings in which there 
is a life hazard. 

In the case of panic and smoke in a building, especially a multi-story building, the 
entrance doors on the first floors will be open to let people go out, and therefore hav- 
ing an opening at the top of the building for entrance of outdoor air will certainly be 
a handicap. In other words, it is known that static effect, especially in winter, exists 
in a tall building, and it is doubted whether an effective opening can exist at the top. 
I think all the required openings will be found at the bottom of the building. 


S. S. Cotte, Montreal, Canada: In Fig. 8 showing a man reading the anemometer, 
there seem to be side walls to the escalator ramp. Is that an illusion in looking at 
the photograph, or do these side walls exist? I am referring to the walls that appear 
to be above the handrail level. 


Mr. BarTLETT: There were no walls above the handrail. It must have been an 
optical illusion. 


H. M. Nosts, Cleveland, Ohio: As I understand it, it is the desire, whenever a fire 
breaks out, to put the building under a vacuum. Would it be possible to install in 
the first and other floors enough exhaust capacity by centrifugal fans to take care of 
the leaks? These fans would start operating at the same time as the sprinkler system. 
Thus, the same sequence of events would be presented. 

Instead of exhaust fans, centrifugal fans would be installed, to prevent the s»oke 
from getting to the center of the building. 


AvutHor’s Ciosure: In reply to Mr. Buensod, let us assume, as I have suggested, 
that the designer of the system is aware of openings on the floor; a downdraft is 
desired on the second, third or fourth floor from an opening at the top of the build- 
ing. Assume that an exhaust fan with a capacity of 60,000 cu ft is installed and that 
an opening of 60 sq ft exists through the escalator. 

One thousand feet per minute would go up through the opening from the first floor 
to the second. This would represent a resistance to the flow of air through that 
opening alone of one-eighth of an inch, water pressure. 

A down draft of only 300 fpm is required, and the resistance to the flow of air 
through the escalator above (21,000 cu ft) is the figure at 300 fpm velocity, with a 
resistance of 0.005. 
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No fans are manufactured to take air from the first floor against a resistance of 
0.125 when air can be taken from upper floors with a resistance of 0.005. In other 
words, the fan will take its air from the point of least resistance. 

The natural tendency to updraft through the ordinary openings in the floor (about 
150 fpm) is already taken care of in the fan capacity. 

If the fan is designed large enough so that more resistance to the flow of air is 
created through the openings on the first floor than through the openings on the 
upper floors, Mr. Buensod’s question is automatically answered. Fan capacity must 
be large enough. It is admitted that certain limits exist of the fan capacity which 
can be economically applied. However, the subject here is life and human safety 
rather than economy. 

As to putting fans on the first floor to offset the infiltration there, it could be 
done, but I think it would be rather unsatisfacory to the operation of the system, 
because those fans would be pulling down from the floor above as well as from 
the first floor. 

Regardless of the designer’s desire, the fans are going to exhaust from the place 
where there is the greatest pressure or the least resistance of flow of air to the fan. 
lf fans are placed on the first floor to exhaust smoke from there, a fire may perhaps 
be pulled from the third floor down to the first, and it is not desired to reverse the 
natural operation of the fire. The purpose of the method discussed in this paper is 
to create a condition of static effect insofar as the fire is concerned: 1.e., to con 
the fire to the floor on which it occurs, so that the Fire Department can fight it from 
above or below with equal ease and with equal effectiveness. 
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DOWNWARD PROJECTION OF HEATED AIR 


By Linn HELANDER* AND C. V. JAKowWATz**, MANHATTAN, KANS. 


This paper is the result of research sponsored by the AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS in cooperation 
with the Engineering Experiment Station of Kansas State College 


NDER the A.S.H.V.E. Technical Advisory Committee on Air Distribution 

and Air Friction! a number of studies have been made to determine the 
factors governing the flow of air from outlets of different shapes, sizes and 
locations. This paper constitutes a progress report on the studies which have 
been under way since May 1945 on the downward projection of heated air, 
to determine: 


1. How far downward heated air will flow when it is projected perpendicularly 
from a simple orifice. 


2. The shape of the stream and its diameter at any level. 


3. The rate at which such a stream entrains room air. 


This paper presents: (a) a brief description of the general character of a stream of 
heated air projected downward, (b) a resume of a preliminary theoretical analysis 
of the flow of downwardly projected warm air, made primarily to derive simple 
formulas to serve as a guide in designing test equipment, but found usable in making 
practical estimates within the range of test results, (c) the results of two series of 
tests, one dealing with a stream projected from a straight run of pipe 6.5 in. in 
diameter, the other from a convergent nozzle having a 5.75 in diameter orifice, (d) a 
comparison of analytical results with test results, (e) a brief description of the 
apparatus employed and techniques used. 
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GENERAL CONSIDERATIONS 


When heated air is projected vertically downward from a round orifice, it 
forms a moving stream which will be: (a) divergent for an appreciable fraction 
of the distance down from the orifice to the point of maximum downward 
travel, and (b) convergent or cup shaped for the remaining distance. 

Over the principal portion of the divergent section of the stream, room air 
will be entrained. Over the convergent section, stream air will escape laterally 
across the stream boundary and turn upward. 

Where room air is entrained, two forces will oppose the downward flow: (a) 
a buoyancy force due to the difference in density between the warm air stream 
and the surrounding air, and (b) an inertial resistance to downward acceleration 
offered by the entrained air. 

Where no air is entrained, the inertial force will be absent but the buoyancy 
force will persist. 
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Fic. 1. IpEALIZED SHAPE OF AIR STREAM 
(CasE 1) 


Other forces also will act upon the stream. Among them will be the pressure 
differentials set up by the stream in the space around it. 

For some distance laterally from the stream, an upward current of air some- 
what warmer than the undisturbed room air will predominate. The stream 
therefore will entrain air that will be neither still nor at the temperature of 
normal room air. Both the velocity and the temperature of the warm air stream 
increase from the periphery of the stream to its center. 

Tuve, Priester, and Wright?, in studying the flow of air projected horizontally 
into a room from orifices of various sizes and shapes, found that the’ stream 
of air formed a divergent cone with an apex angle of 19 deg +5 deg. They 
found that the stream entrained room air at the same rate over each foot of 
its path, and that the momentum of the total amount of stream air passing a 
section of the stream in unit time was the same at all cross-sections of the 
stream. These conclusions would also apply to a stream of unheated air pro- 


2 Entrainment and Jet-Pump Action of Air Streams by G. L. Tuve, G. B. Priester, and D. K. 
Wright, Jr. (A.S.H.V.E. Transactions, Vol. 48, 1942, p. 241). 
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jected downward, but with heated air, buoyancy forces are set up giving the 
pattern of flow previously described. 


PRELIMINARY THEORETICAL CONSIDERATIONS 


An elementary analysis of the flow of downwardly projected warm air was 
made as a first step in organizing a program of research. To reduce the com- 
plexity of the analysis the following simplifying assumptions were made: 


1. The stream of warm air was projected into an unbounded atmosphere of still 
air of uniform temperature. 
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Fic. 2. RATIO OF STREAM VELOCITY TO ORIFICE VELOCITY AND 
STREAM DIAMETER TO ORIFICE DIAMETER PLOTTED AGAINST 
DISTANCE DOWN FROM THE ORIFICE IN ORIFICE DIAMETERS 


2. The only forces opposing the downward flow were (a) the buoyancy forces, and 
(b) the inertial forces due to the entrainment of room air. 


3. The air entrained by the stream was still air at room temperature. 

4. The downward velocity and the temperature of the stream at any horizontal 
section were uniform. 

5. The only cooling effect on the stream was that due to the entrainment of room air. 

6. The lateral velocity of the stream air leaving the bottom portion of the stream 
was expressible as a constant fraction of the downward vay of the stream at 
the level of escape. 


The last assumption gives the bottom portion of the idealized stream the 
shape of a cone with an apex angle which varies with the ratio that the lateral 
velocity of escape is assumed to bear to the downward velocity of the stream. 
The idealized stream is shown in Fig. 1. 
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Fic. 3. RATES OF ROOM AIR ENTRAINMENT ASSUMED 
AS BASIS For Fic. 2 


In Case 1, dealt with mathematically, it was assumed that the rate at which 
room air was entrained by the divergent portion of the stream was the same 
for each foot of the stream and that this rate was directly proportional to the 
mass rate of flow of orifice air divided by the diameter of the orifice. In Case 
2 this rate was assumed to be a variable and directly proportional to the mass 
rate of flow of stream air at the level of entrainment divided by the diameter 
of the stream at this level. The factor of proportionality in both cases was 
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Fic. 4. SHAPE OF AIR STREAM AT DIFFERENT ORIFICE 
VELOCITIES 
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assumed to be 0.334. For the bottom or convergent portion of the stream, the 
lateral velocity of the escaping stream air was assumed to be the same as the 
downward velocity of the stream at the level of escape. The formulas developed 
under Case 1 are given in the Appendix. 

A simple formula for estimating the maximum downward blow was derived 
by assuming that: 


1. The rate of room air entrainment over each foot of stream travel would be a 
constant for the entire downward path of the stream and 
2. The downwardly moving stream would therefore be continuously divergent. 


1 ( +1 + 1) 1| (1) 


VELOCITY - FEET PER MINUTE « 10? 
05 1015 1015 5 1015 5 1015 


Us1744 F/M 
T,=!80 °F (SECTION A-A ~ 
2 3 
DISTANCE DOWN FROM OUTLET - FEET 


Fic. 5. VELOCITY DISTRIBUTION NEAR OUTLET, 6.5 IN. DIAM 
STRAIGHT NOZZLE 


where 


Lmax = maximum downward travel or blow, in feet. 
D, = diameter of orifice in feet. 
U, = velocity of stream air at orifice in feet per second. 
T; = absolute temperature of stream air at orifice in Fahrenheit degrees. 
Ta = absolute temperature of room air in Fahrenheit degrees. 


a = pounds of room air entrained by each pound of orifice air per orifice 
diameter of stream travel, and assigned a tentative value of 0.334. 


Fig. 2 shows the close agreement between Cases 1 and 2 for the velocities and 
dimensions of the two idealized streams. The value U/U, is the ratio of the 
stream velocity to the orifice velocity, D/D, is the ratio of the stream diameter 
to the orifice diameter. The curves are plotted against distance down from the 
orifice measured in orifice diameters. Room air entrainment ceases at the point 
of discontinuity, and thereafter, until the end of the downward blow, stream air 
leaves the stream envelope. The assumed conditions are: (a) orifice diameter 
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6 in., (b) orifice velocity 320 fpm, (c) orifice air temperature 220 F above room 
temperature. In both these cases the maximum downward blow is in close 
agreement with the maximum downward blow evaluated by means of Equation 
1. Values for the maximum downward blow expressed in orifice diameters 
L/D, is 2.26 for Case 1 and 2.28 for Case 2. A similar order of agreement was 
found when the assumed orifice velocity was changed to 7200 fpm. 

Fig. 3 shows the rates of room air entrainment assumed as a basis for Fig. 2. 
The rates of room air entrainment are expressed in pounds of room air entrained 
D,dM 
M,dL 


per orifice diameter of stream travel per pound of orifice air, or as 


where 
M = mass rate of flow across horizontal section of the stream, pounds per 
second. 


TEMPERATURE - °F 
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Fic. 6. TEMPERATURE DISTRIBUTION 
NEAR OUTLET, 6.5 IN. DIAM STRAIGHT 
NOZZLE 


The stream velocity at the point of discontinuity is equal to approximately 


450 7 fpm. 


If the value for the ratio of the lateral velocity of escape to the downward 
velocity of the stream had been made less than 1.0, the entrainment of room air 
would have ceased earlier in the path of the theoretical stream, and maximum 
blows would have been somewhat larger than the values given. 


Test RESULTS AND COMPARISONS OF TEST AND THEORETICAL RESULTS 


Fig. 4, revolved 90 deg clockwise, shows the shape of the air stream developed 
from data obtained from four tests. Four streams of different lengths or maxi- 
mum blows, corresponding with different orifice velocities, are shown. The 
orifice diameter in each case was 6.5 in. and the initial stream air temperature 
was about 180 F. The room air temperature varied between 66 and 71 F. 
Except for the bulge close to the orifice, the shape of the streams are in fair 
agreement with that shown in Fig. 1. The bulge was caused by an apron on 
the platform that supported the orifice. When the orifice was dropped two 
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VELOCITY — FEET PER MINUTE x 10? 


DISTANCE DOWN FROM OUTLET - FEET 
VELOCITY DISTRIBUTION NEAR OUTLET 


Fic. 7. VELOCITY DISTRIBUTION NEAR OUTLET, CONVERGENT 
NOZZLE WITH 5.75 IN. DIAM ORIFICE 


feet so as to clear this apron, the bulge disappeared, and the jet angle increased 
by 3 or 4 deg to a value of about 12 deg. The jet angle is difficult to measure 
accurately, and in later tests, with the same orifice, values varying between 15 
and 19 deg were obtained. Fig. 5 shows velocity readings taken at the orifice 
after it was dropped 2 ft and at distances 1 ft, 2 ft, and 3 ft below the orifice. 

Fig. 6 shows a plot of the corresponding temperature readings. 

Fig. 7 and 8 show data obtained in tests using a convergent nozzle with 
an orifice 5.75 in. in diameter. 

In Fig. 9, measured values of the maximum downward blow from a nozzle 
made of straight pipe 6.5 in. in diameter are plotted against the calculated values. 
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The points fall generally within a band 2 ft wide which lies somewhat above 
and parallel to the line representing Equation 1. 

In Table 1, U,, is the average velocity of the stream obtained from the volume 
rate of flow, while U’av is the corresponding velocity obtained from the rate of 
flow of downward momentum. As would be expected, the values do not agree. 
The tabulated data show that air entrainment ceases after the stream has 
traveled approximately 50 to 60 percent of its maximum downward travel; this 
is earlier in the path of the stream than would be indicated by the intersection 
of the convergent and divergent sections in Fig. 1. This fact suggests that for 
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Fic. 9. MAxIMUM DOWNWARD BLOw 6.5 IN. 
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the analyses made under Case 1 and Case 2, the apex angle used for the bottom 
portion of the idealized stream should perhaps have been decreased. 

Test No. 2 was made on a stream of air projected downward at room tem- 
perature. With an initial velocity of 1445 fpm, the stream of unheated air was 
found to have a centerline velocity of 235 fpm 17 ft down from the orifice. 
When the orifice velocity was reduced to 750 fpm, a centerline velocity of about 
90 fpm was found 18 ft down from the orifice. 

Fig. 10 shows the maximum downward blow from the converging nozzle with 
a 5.75 in. orifice diameter, measured values versus values calculated by means 
of Equation 1. The measured values are in closer agreement with Equation 
1 than the measured values plotted in Fig. 9. Generally they fall short of the 
calculated values, whereas in Fig. 9 they were greater than the calculated values. 

Fig. 11 shows the temperature readings plotted against distance down from 
the orifice. The ordinates represent the ratio of the absolute temperature of the 
stream along its axis to the absolute temperature of the room air. 
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DESCRIPTION OF TEST EQUIPMENT 


The lower part of the experimental setup is shown in Fig. 12. Heated air 
was delivered to a plenum chamber, the base of which was 23 ft above the 
floor. The vertical frame which supported the temperature and velocity mea- 
suring equipment extended to the floor. Two Pitot tubes mounted on rotating 
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arms were used to measure the velocity of the stream at points spaced either 
vertically or horizontally. While the upper Pitot tube was coupled to a draft 
gage, the lower was coupled to an analytical balance modified to measure small 
differentials of pressure. By this method, increments of velocity of the order of 
60 fpm could be measured. Air temperatures were measured by 22 gage copper- 
constantan thermocouples mounted near each Pitot tube. (See Fig. 12.) 

The frame structure and the elevator were later replaced by a simple steel 
structure offering a minimum of interference to the flow of the stream. Improve- 
ments were also made in the instrument carriage to expedite the collection of data. 


Fic. 12. Lower PporRTION OF EXPERIMENTAL SETUP 


TEsT PROCEDURE 


Preliminary tests were run to determine the ratio of the central velocity at 
the orifice to the average velocity at the orifice. Thereafter only the central 
velocity was measured to determine the average orifice velocity. In some of the 
tests with the converging nozzle, a velometer and titanium tetrachloride (TiC1,) 
smoke were used as auxiliary means for determining the bottom of the stream. 

Horizontal temperature and velocity traverses were made at the centers of 3 
in. squares over the entire cross section of the stream. A complete horizontal 
and vertical traverse took a full day, and some difficulty was encountered in 
determining the maximum blow because the stream pulsated vertically at the 
bottom and for an appreciable distance up toward the orifice. Because of pulsa- 
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tions the bottom of the stream shifted vertically through a range of approxi- 
mately 2 to 3 ft. 


SUMMARY 


Data on the downward projection of heated air presumably may be correlated 


by means of two dimensionless factors. One of these is, —1___“* which is 


a 
formed by dividing the difference between the absolute temperature of the 
stream at the orifice and that of the room air by the absolute temperature of 


2 
the room air. The other is or which is formed by dividing the orifice velocity 


squared by the product of the acceleration of gravity and the diameter of the 
orifice. For correlating data on the maximum downward blow, a formula of 
the following form is tentatively suggested : 


= [(# -1) | 3) 


a, = a factor dependent principally upon the rate and pattern of air 
entrainment per foot of stream travel. 


a; = a factor dependent principally upon a; and the pattern of velocity 
distribution across a horizontal section of the stream. 


a; = a factor dependent principally upon K and the point in the stream 
at which the entrainment of room air ceases. 


Uiay = average velocity of stream air leaving the orifice based on the volume 
rate of flow of the air, feet per second. 


Lmax = maximum downward travel of stream, feet. 
D, = diameter of orifice, feet. 
T, = absolute temperature of air leaving orifice, degrees Fahrenheit. 
Ta = absolute temperature of room air, Fahrenheit, degrees. 
g = acceleration of gravity, feet per (second) (second). 


where 


Equation 2 resolves into Equation 1, which was given in the early part of this 
paper, when az is set equal to unity and ay, is set equal to a,. Equations 1 and 
2 should be regarded as being subject to modification as these studies progress, 
particularly since they are based on the assumption that the downwardly moving 
stream will have no effect on the state of the ambient atmosphere. 

The maximum downward travel of the streams studied formed a fairly con- 
sistent but not conclusive pattern when plotted against values of the maximum 
blow calculated by means of Equation 1. When a straight pipe 6.5 in. in 
diameter was used as the projecting nozzle, the maximum blow was somewhat 
larger than the calculated value. When a converging nozzle with a 5.75-in. 
orifice was used, the maximum blow was either in close agreement with the 
calculated value or somewhat smaller than this value. 

Although the actual rate of room air entrainment per foot of stream travel 
may be a variable along the path of the stream, the studies made under Case 1 
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and Case 2 indicate that an average rate of entrainment, treated as a constant, 
may be used satisfactorily in deriving an equation for the maximum downward 
blow. This result, however, should be reviewed when dependable data have 
been obtained on the pattern of room air entrainment. 
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APPENDIX 


Formulas for Case 1 
et: 
D = diameter of stream, feet. 
g = acceleration of gravity, feet per (second) (second). 
L = stream travel down from orifice, feet. 
M = mass rate of flow across horizontal section of stream, pounds per second. 
T = temperature of stream air, Fahrenheit degrees absolute. 
Ta = temperature of room air, Fahrenheit degrees absolute. 
Uay = average downward velocity of stream at a horizontal section, based on 
volume flow, feet per second. 
Um = average downward velocity of stream at a horizontal section, based on 
momentum flow, feet per second. 
Ux = lateral velocity of escape of stream air from bottom portion of stream, 
feet per second. 


a = Um/Uay, assumed to be unity for Case 1. 
6 = Ux = ratio of lateral velocity of escape of stream air to velocity of 


av 
stream at the level of escape, feet per second. 
fay = ona density of stream air at a horizontal section, pounds per cubic 
oot. 
6 = apex angle of cone drawn tangent to the stream boundary. 


Subscript 1, designates values at the orifice. 

Subscript i, designates values at the interface, 7.e., the plane between the divergent 

and convergent sections of the stream. 

The equations are based on the assumption that the ratio of the average stream 
velocity based on momentum flow to that based on volume flow may be treated as 
constant and set equal toa. Otherwise the assumptions employed are the same as those 
outlined for Case 1, in the main body of the paper. When a is placed equal to unity, 
the equations reduce to those developed for Case 1. 


A. Formulas for the portion of the stream over which room air is being entrained. 
(Equations 1a to 6a): 


Slope of the stream boundary in the plane of the @ Tan ; ow ‘i aD _ 


vertical axis of stream $6hlU3 dL 


Ratio of stream diameter to ( ? _ Ta % a)" 


diameter of orifice 


= 
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Rate of room air entrainment per orifice diameter { = D aM _ a; (3a) 
per pound of orifice air, per foot of stream travel ae 
where 

a, by assumption, is a constant. 
Ratio of the mass rate of downward flow across any l_ M al 
horizontal section of stream to the mass rate of (4a) 
flow of orifice air 1 1 
Distance down from the orifice ad; U*say 
measured in orifice diameters, 
to the point at which the } = a an U%, (a 
velocity of the stream has an 4+ 
average value, Uay, gD. 


Ratio of the average downward velocity of stream at any cross section to the average 
velocity of the stream at the orifice = 


note 


= 1 for Case 1 


e= Um 
Vav 

B. Formulas for the portion of the stream across the boundary of which stream air 
leaves the stream envelope. (Equations 7a to 9a): 


o Uz =@=unity, for Case 1 . (7a) 


average downward velocity of the stream at the U 
m 


Ratio of the lateral velocity of escape, Ux, to the } 
level of escape, Um 


(Em 


Uw - 1.25 gD, \(F\(F 
C. Formulas for interface between convergent and divergent portions of stream. 


(Equations 10a—14a): 
Viaw .25a,K 


Trav 
Vins you 
(7) = approx. (= *) yk (10a) 
K +1 
where, 
Viav 7 K_ My 
Di 2a;K Viay K 
Dj Imax Lj 


0.4 
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D. Formula for the Maximum Downward Blow. (Equation 15a): 


L 1 1 % 
where, 

Viav 
1+ (oe) 

1+ 
DISCUSSION 


Exttiot Gopes, New York, N. Y.: I wonder if Professor Helander could give us 
some information on how the actual test results bore out the assumptions which were 
originally made. I am particularly interested in Assumption No. 4, that the down- 
ward velocity and the temperature of the stream at any horizontal section were uniform. 

Are other tests contemplated which will use divergent nozzles for the downward 
projection of heated air? 


M. G. KersHaAw, Philadelphia, Pa.: In most of the experiments it is indicated that 
distances of six feet were used. An application of downblow of heaters uses distances 
of 10, 15 and perhaps 25 ft, depending on the structure. What work has been done 
in carrying on these tests for distances greater than six ft? 


Proressor HELANDER: We have carried the tests down to 18 ft. 


Mr. KersHAw: The next thought I have is that these tests were only on a single 
nozzle. Some applications require a series of nozzles. What pattern effect would you 
expect in the case of a series of nozzles? 


C. S. Leoprotp, Philadelphia, Pa.: Have any experiments been made on the down- 
ward projection of air colder than room temperature? 


C. M. Asutey, Syracuse, N. Y.: I had the good fortune to follow the work through 
most of its stages and I gave Professor Helander a rather critical examination of 
it. I believe that it stood up very well under this and that it dserves our continued 
scrutiny and study, because I believe it is an excellent first approach to a very 
dfficult problem. 


AvuTHor’s CLosuRE: The assumptions employed in our study were adoted for the 
purpose of simplifying the mathematical analysis which was undertaken as a pre- 
liminary step in organizing a research program. They were not adopted as a basis 
for final formulas, and were known not to be in accord with actual conditions. 
Neither the velocity nor the temperature of the stream is uniform across a horizontal 
section, and the stream is not projected into an unbounded atmosphere of still air. 
The assumption adopted relative to the manner in which the stream air leaves the 
bottom of the stream is an arbitrary one. 

Formula 2 for the maximum downward blow contains three factors the magni- 
tudes of which may be varied for the purpose of bringing this formula into agree- 
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ment with test results. One of these factors depends upon the manner in which the 
downward velocity varies from the center to the periphery of the stream. Another 
factor depends upon the point in the stream at which air entrainment ceases. 

Formula 1, which is a simplification of Formula 2, has only one factor, namely a, 
to be evaluated experimentally. For the purpose of making preliminary estimates 
of the maximum downward blow, this factor was assigned a tentative value of 14, 
and this value appears to be consistent with measured values of the maximum down- 
ward blow over the limited range of tests that have been run. 

However, when an attempt was made to evaluate the factor, a, from test data on 
entrainment rates, values obtained were less than 14 by an amount which suggests 
that we should reexamine our technique for measuring entrainment and should study 
the effect on entrainment and blow of the upward current of air existing along the 
boundary of the stream. This is being done. 

Our work on plate type orifices and convergent nozzles has not been completed. 
Until this work is completed, we shall probably not undertake work on divergent 
nozzles. However, we hope to study divergent nozzles. 

Mr. Kershaw would like to know the maximum distance downward that the stream 
was projected in our tests. The orifice was located approximately 23 ft above the 
floor, and in some tests the stream was projected downward 18 ft. We have run no 
tests on a series of nozzles. Therefore, | cannot tell what the pattern of flow would 
be if a series of nozzles were used. 

Mr. Leopold wants to know whether or not we have run tests on cold air projected 
downward. We have not, but we expect to do sc. We also expect to run tests 
on cold and warm air projected upward. 

We appreciate Mr. Ashley’s remarks. He has been very helpful to us throughout 
the course of our studies. 
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THE DISCHARGE OF AIR FROM A LONG SLOT 


By Avrrep KoesteL* G. L. Tuve**, CLEVELAND, OHIO 


This paper is the result of research sponsored by the AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS in 
cooperation with Case Institute of Technology 


THE PROBLEM 
HE QUESTION of static pressure regain along the duct is encountered 


in any design that involves a dead-end duct of uniform cross-section with 
side outlets uniformly spaced. The basic form is a long slot in the side of a 


long duct. If the duct is small as compared with the slot, the eddy losses are 
high. The high duct velocity at the upstream end results in the discharge of 
air at an acute angle with the axis of the duct, (See Fig. 1). Proper selec- 
tion of duct dimensions and slot size must be based on accurate knowledge of 
both the air flow at the slot and the resulting air-stream pattern in the room. 


RESULTS AND CONCLUSIONS 


The controlling factor in the air-stream performance was found to be the 
ratio of the area of the slot to the area of the supply duct. If this ratio is 
held constant, the general shape of the stream will be practically independent 
of the pressure in the supply duct or of the width of the slot or of the aspect 
ratio of the duct. At the upstream end of the slot, the emanating angle of 
the air stream is the vector resultant of the axial component of the duct velocity 
and a perpendicular velocity component that is equivalent to the static head 
in the duct. The air-discharge velocity along the length of the slot remains 
almost constant, but its direction changes (See Fig. 1). The final direction 
of the air stream in the room may be obtained by adding vectorially the indi- 
vidual velocities at each increment of slot length. These conclusions could be 
anticipated by analysis, but they have been thoroughly checked by experiment. 


*Instructor in Mechanical Engineering, Case Institute of Technology. 
** Professor of Mechanical Engi ing, Case Institute of Technology. Member of A.S.H.V.E. 


Presented at the 54th Annual Meeting of the American Society or HeaTinc aND VENTILATING 
Enocineers, New York, N. Y., February, 1948. 


87 


4 
¥ 
¢ 

i 

= 


88 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


SLOT IN FACE OF DUCT 


SECTION OF DUCT SHOWING SLOT 


‘a AIR DISCHARGE VELOCITIES 


Fic. 1. LONG SLOT WITH AIR SUPPLY 
FROM ONE END ONLY 


INTERCHANGE ABLE 
DUCT ENTRANCE 


LENGTH OF SLOT - i2 FT —e} SLOT 
_—STATIC TAP 
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Fic. 2. SEcTIONAL DIAGRAM OF SLOT TEST UNIT 


Fic. 3. THREE BASIC TYPES 
OF AIR DISCHARGE OUTLETS 


LONG SLOT OUTLET 
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EXPERIMENTAL APPROACH 


This study was confined to the performance of an air stream discharged 
from a slot of constant width located in the side of a duct of uniform cross- 
section. Slot lengths of 6 to 12 ft were used, the slots being % in. to 1% in. wide, 
and the air was supplied from one end of the duct only. Both rounded entrance 
or nozzle-type slots, and square edged or orifice-type slots were tested, using 
square and rectangular ducts, (6 in. x 6 in., 10 in. x 10 in. and 6% in. x 16% 
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Fic. 4. AIR-DISCHARGE ANGLES FOR ROUNDED-ENTRANCE 
SLOTS 


in.). All tests were run under isothermal conditions with air velocities at the 
slot face of 750 to 4300 fpm, volumes of 500 to 3200 cfm. 

Slot width and alignment were accurately maintained and frequently checked 
with micrometer and level. Air supply to the test duct was from a large plenum 
through a rounded entrance nozzle of 3 in. radius (See Fig. 2). Air was 
measured by calibrated orifices and frequent checks were made to guard against 
leakage. Sidewall static taps were made to A.S.M.E. code specifications, and 
sidewall static pressures were checked by using a static tube in the duct. Both 
static and impact pressures were read on calibrated inclined gages, to 0.002 
in. water, and pressure gradients were measured by differential connection 
of gages. 

The angle of the air discharge from the slot was measured by fine threads 
read on a protractor scale, and by a specially developed null-type double impact 
tube that was sensitive to less than + 0.5 deg of arc, measured on a 12 in, 
protractor. 
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The general air stream pattern in the room was determined by a ribbon-grid 
indicator and by making traverses with both the rotating-vane anemometer and 
the velometer. 


VELOCITY AND ENERGY CONVERSIONS 


Energy is supplied at the duct entrance (Fig. 3) as kinetic energy, measured 
by velocity pressure, and as potential energy, measured by static pressure. The 
ratio of the velocity pressure to the sum of velocity plus static, will hereafter 
be called the percent kinetic energy (percent KE) in the supply duct. It is 
apparent that with a given area of supply duct, Ag, Fig. 3, the percent kinetic 
energy in the duct will increase as the area of the outlet is increased. With an 
area ratio of unity (open end duct) the percent KE is practically 100. By 
comparing the nozzle with the orifice (Fig. 3) it is seen that the controlling 
outlet area is the minimum stream area or vena contracta. But since it is 
very difficult to measure the area of the vena contracta, the outlet velocity V, 
is defined in all cases as the volume divided by the measured outlet area, A,. 
For the long slot, the measured area is called A,. 


Writing the energy equation at sections A, and A, for a perfect nozzle and 
an incompressible fluid in the usual form: 


where 


‘o = outlet velocity in feet per second. 
the acceleration due to gravity or 32.17 feet per (second) (second). 
Pa = duct static pressure in pounds per square foot. 
e = air density in pounds per cubic foot. 
Va = duct air velocity in feet per second. 
Aa = duct area in square feet. 
Ao= outlet area in square feet. 


ll 


All actual outlet devices, Fig. 3, depart from the ideal performance indi- 
cated by Equation 1. For a nozzle or orifice at the end of the duct, two fac- 
tors must be considered, (1) the true stream area of the vena contracta is 
less than the measured area, and (2) there is an energy loss due to friction. 
The corrections for these two departures from the ideal nozzle are embodied 
in the common multiplying factor C,, called the coefficient of discharge. It is 
less than unity, and must be determined by experiment. 

Long-slot outlets are also subject to jet contraction and friction and hence 
a coefficient of discharge C, should be applied. When the slot-duct is supplied 
with air from one end only, two new factors need to be considered, viz., (1) 
the loss due to imperfect conversion of velocity head into static head (static 
regain) and (2) a decrease in effective slot area (or in the perpendicular com- 
ponent of velocity) due to the acute discharge angles along the slot, Fig. 1. 


(Pa , Vat\ AaVa 
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This decrease in effective slot area may be determined by an experimental 
integration of the projected areas normal to the stream lines along the slot. 
Careful measurements of these stream-line angles have resulted in the curves 
of Figs. 4 and 5. 

The results of such a step-by-step summation or integration of areas, applied 
successively to slots of various sizes, are shown by the dash line in Fig. 6. 
The horizontal distance from curve A for the theoretical nozzle to curve B for 
the theoretical slot thus represents a reduction in capacity due to the acute 
discharge angles in the case of the slot. The distance between curve B and 
curve C is due to the combined effect of imperfect static regain and of coeffi- 
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Fic. 7. COEFFICIENTS FOR ENERGY LOSS AND JET CON- 
TRACTION DETERMINED EXPERIMENTALLY BY TWO INDE- 
PENDENT METHODS 


cient of discharge of a rounded entrance slot. The distance between curve C 
and curve D is due to the added jet contraction of a square-edged slot. 

This difference between the rounded entrance slot and the square-edged slot 
may also be checked from Fig. 7, and by comparing Fig. 4 with Fig. 5. In 
view of the difficulty of making an accurate separation of these three devia- 
tions from the ideal slot performance, their combined effect has been shown on 
Fig. 7, in terms of the coefficients Cy X C,. 

When the slot is supplied from a large plenum chamber, the percent KE is 
zero, the discharge angles are all 90 deg and C, becomes unity. The slot 
coefficient C, might be called the area-energy correction for an end-supplied 
slot. Rewriting Equation 1 for the actual slot, it becomes: 


Vs = cata 2¢ (2) 


2g 
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Transposing and simplifying: 


Ve 
Aq = Pa Ve (exe 
° 2g 


Vs = air velocity at the slot in feet per second. 
CaCs = coefficients for energy loss and jet contraction. 
g = acceleration due to gravity or 32.17 feet per (second) (second). 
Pa = duct static pressure in pounds per sqrare foot. 
e = air density in pounds per cubic foot. 
Va = duct air velocity in feet per second. 
Aq = duct area in square feet. 
As = area of slot in square feet. 
KE = kinetic energy. 


The reason why the curve for the ideal nozzle, Fig. 6, becomes a parabola, 
is apparent from the existence of the square root relationship. Equation 3 may 
be used for obtaining the slot area A,, the duct area Ag or the percent KE 
through the use of Cy X C, from Fig. 7, or the relationship may be obtained 
directly from the graphical representation of Equation 3, which is Fig. 6. The 
values in Fig. 6, curves C and D were obtained by simply measuring the pres- 
sure in the supply duct and the volume of air discharged, for various sizes of 
duct and slot. 


DaTA AND RESULTS 


Static Regain: In all cases there was a static regain along the duct, and 
measurements of the static pressure gave a smooth curve similar to Fig. 8. This 
curve is of course an extreme example, since the energy at the duct entrance 
in this case was represented by only about 13 percent static pressure and 87 
percent velocity pressure. Fig. 9 provides a summary of the static regain data 
in that it gives the locus of the end-points of the curves similar to Fig. 8. Each 
point in Fig. 9 thus represents the final static pressure at the end of the duct 
as a percentage of the total pressure energy at the duct inlet. 

Air Discharge Angles: The angle of the air discharge along the slot was 
found to vary in a straight line, Figs. 4 and 5, and these angles were dependent 
on the area-ratio and independent of the air velocity. Slight exceptions to 
this statement were noted with very large slots or very low air velocities. The 
justification for concluding that the air discharge angle is independent of the 
quantity discharge from a given slot is illustrated by a sample curve, Fig. 10. 
The curves of Figs. 4 and 5 should prove useful for the design of turning vanes. 

Air Stream in Room: The changing character of the air stream in the room, 
as the slot size is increased, is shown by Fig. 11. In Fig. 12 the stream profiles 
or stream-envelope shapes are indicated for two rates of air flow from the 
same slot. Very little change could be observed of the shape of the stream 
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near the slot irrespective of air volume, so that the room air-stream patterns 
of Fig. 11 may be considered as applying to any rate of flow. The dotted lines, 
Fig. 11, indicate the end of the stream when the cfm rate of air discharge is 
relatively low. The final or resultant air-stream angle, (© in Fig. 12), was 
found by ribbon-grid traverses and anemometer measurements. In all cases 
this final angle © was approximately equal to the angle obtained as the vector 
sum of the individual angles of Figs. 4 and 5. These resultant angles are 
shown by Fig. 13. 

The throw of the air stream from slots of aspect ratio of 100 or more is 
much shorter than that from a circular or rectangular grille. Since the throw 
depends on the ratio of slot to duct area as well as on the dicharge velocity 
and the total outlet area, the problem is too complicated for simple presenta- 
tion, and no attempt will be made here to give quantitative data for general 
application. Figs. 11 and 12 will serve as a rough guide. 


EXAMPLE OF PRACTICAL APPLICATION 


As an example of the design of a rounded-entrance slot-type air distribution 
unit, assume that it is desired to distribute 1500 cfm of primary air from a 
slot 15 ft long. It is further specified that the velocity in the approach duct 
shall be 2000 fpm and that the resultant direction of the air discharge stream 
shall not be less than 60 deg. 

Required: Duct size, slot width, static pressure in the supply duct, and the 
approximate pattern of the air stream in the room. 

Solution: In this problem as stated, there is a choice between a narrow slot 
giving a nearly symmetrical stream pattern, and a wider slot that gives a 60 
deg stream but requires considerably less static pressure in the supply duct. 
In any case the duct area will be 1500/2000 = 0.75 sq ft, giving a duct about 
10.5 in. square or an equivalent rectangular duct, say 18 in. X 6in. To illustrate 
the possibilities, the solutions for 60 deg and 75 deg final stream angles are 
given as follows: 


60 DEG 75 DEG 
STREAM STREAM 
5. Area ratio, slot to duct, for the given stream angle, 
2. Corresponding percentage of kinetic energy as 
fraction of total energy at duct entrance, From 
ENS 52 13.5 
3. Velocity pressure in duct corresponding to 2000 
4. Static pressure in duct, in. water: 
Item 3 
——— X 100 — Item | 0.23 1.35 
Item 2 
5. Slot width (from Item 1), inches.............00...0.0000000. 0.56 0.25 


The approximate shape of the air stream in the room space may be esti- 
mated from Fig. 11, or an angle layout similar to Fig. 12 may be made from 
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the data in Figs. 4 and 13. The two cases in this example will be very similar 
to A and C in Fig. 11. If it is desired to control the air stream in the room 
by means of turning vanes in the slot, these vanes should be set at the angles 
given in Fig. 4. 
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DISCUSSION 


G. B. Priester, Baltimore, Md.: The opening statement of this paper should be 
considered by those who design air distribution duct systems: 


“The question of static pressure regain along the duct is encountered in any design 
that involves a dead-end duct of uniform cross-section with side outlets uniformly 
spaced.” 


Since the static regain method is somewhat complicated, many design engineers 
shy away from it. The Heatinc, VENTILATING, Air CoNbDITIONING GuIDE formerly 
listed three methods of duct design, explained two of them rather thoroughly, but 
was very brief in its description and explanation of the static regain method. THE 
Guives for 1946 and 1947 did not even mention this third method. 

The static regain method of sizing duct is not new. I have been using it myself 
the past 10 years with very successful results. Although it requires a little more 
time in designing a duct with this method, this investment is repaid many-fold by 
the saving in the time normally required for adjusting the air distribution system 
on the job. Very little, if any, easily usable information on this method was avail- 
able until charts were presented and the method described in detail in Carrier, Cherne 
and Grant’s book entitled Modern Air Conditioning, Heating and Ventilating, pub- 
lished by Pitman in 1940. 

In my work I have had occasion to advise and assist many air conditioning engi- 
neers in designing air distribution. I have always attempted to explain the static 
regain method to them when the occasion arose, and those who have adopted it 
would not use any other method again. The point I would like to make is that 
I strongly recommend that more complete information on this method, which has 
proved to be so satisfactory, be included in THE GuipE so that all of our members 
will have easy access to it. If there is some question regarding the reliability of 
the data already published elsewhere, I think it would be well worthwhile for our 
Research Committee to investigate this and, if necessary, carry on the research work 
required, so that reliable data can be published in Tue Guipe. 

With specific reference to the paper by Koestel and Tuve, they state that their 
study was confined to the performance of an air stream discharged from a slot of 
constant width. Actually, I believe their study covered the performance of many 
slots of uniform width. 

It is stated in the paper that Fig. 9 is a summary of data from curves similar 
to Fig. 8. However, | wonder why the data in Fig. 8 are not included in Fig. 9. 


| 
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If this were done and the curve in Fig. 9 extended to this new point, the curve 
would be a straight line and would not turn downward at the extreme right end, 
as is now shown. 

Am I correct in concluding from the paper that a narrow slot will give the best 
performance and that the throw or blow does not vary a great deal as the slot width 
is varied? Am I also correct in concluding that for a given air quantity and a 
given duct length that the ratio of the slot to duct area should be less than 0.4 for 
good air distribution and that the length of throw of the air stream is practically 
fixed? Changing the width of the slot apparently does not alter the length of throw 
very much and wili definitely affect the angle of air discharge. 


C. M. Asutey, Syracuse, N. Y.: While the material of this experimental program 
is of much interest in the theoretical sense, it is unfortunately not readly susceptible 
to practical use. The primary reason for this is that when the streams from differ- 
ent portions of the slot are permitted to converge, the stream tends to spread in 
a direction at right angles to the plane of the slot in a manner similar to the old- 
fashioned gas jet. 

This is clearly shown in Figs. 11 and 12, where the width of the stream in the 
plan view is practically a constant once the stream has converged, therefore indi- 
cating that the stream diverges in the other direction. It is also shown by the 
results of other experiments. 

Since such slots are normally used in the horizontal direction, this means that 
the resultant discharge stream is in the form of a vertical sheet of air which is 
objectionable. 

For this reason the use of vanes behind the slot is almost imperative, except where 
the ratio of slot to duct area is very low. In the interests of standardization and 
because of the loss of total pressure in the duct, such vanes are either made straight 
or only slightly curved, tending to recover only a portion of the duct velocity 
pressure and thus giving more uniform velocity. 

In view of this situation, the data on duct losses are the most interesting in the 
paper from the practical point of view, and it would be helpful if these could be 
expanded further. 

Of theoretical interest is the relationship between Curves B and C of Fig. 6, indi- 
cating a slight decrease of orifice coefficient based on static pressure, with an increase 
of kinetic energy. 


A. C. Barttett, Boston, Mass.: It seems to me that the industry primarily is 
interested not in the type of pattern of discharge from a slot as shown in the paper, 
but is more interested in how they are going to straighten out the flow. The ordinary 
engineer wants the air to flow at right angles to the axis of his duct. That is, he 
wants a straight flow from the slot rather than a flow that would come as was indi- 
cated in the tests. 

It seems to me that it would be more satisfactory to the industry if some time 
could be spent on the design of the proper vanes in the slot to secure the correct 
angle of discharge. In the paper, it was stated that vanes could be designed. To 
be sure, they can, but does the average engineer know how to design them from 
information given in the paper so that he can get a uniform discharge of air at 
right angles to the axis of the duct? 


C. S. Leorotp, Philadelphia, Pa.: It is appreciated that we must know about the 
behavior of air streams in an infinite room as a theoretical background for further 
development. There are now many papers available which show the theoretical 
behavior of air streams in an infinite room. However, we do not design air distri- 


Discussion ON DISCHARGE OF AIR FROM A LONG SLOT 99 


bution for infinite rooms; the influence of ceiling, walls and other shape factors 
largely determine our air design. 

It would be desirable if we would now proceed to analyze the actual engineering 
problem: the distribution of air in the finite room with a limited ceiling height. 


W. B. Harris, New York, N. Y.: From the discussion of the paper it would 
appear that the velocity was assumed to be essentially uniform from one end of 
the slot to the other. What was the variation? How much variation was there 
with various air quantities, i.¢., with various slot velocities? 

Was there a great variation in velocity from one end of the slot to the other 
as the velocity increased or decreased, and what was the minimum ratio of slot 
to area which gave an essentially uniform air distribution? 


W. C. L. Hemeon, Pittsburgh, Pa.: While I am in wholehearted agreement with 
the remarks made here about the practical aspects of design for small rooms, I 
believe that the way the work has been done is a logical first step. Thus the 
remarks made by Mr. Leopold and the previous gentlemen should be taken as practi- 
cal suggestions for next steps rather than as criticisms of the work that has already 
been done. 


R. D. Mapison, Buffalo, N. Y.: I think Mr. Hemeon has covered the point that 
I was going to make. 

The first phase has been well done. Now the practical application is to make 
the air stream turn at right angles to the axis of the duct. 

The paper has pointed out that many engineers have probably been designing 
ducts, assuming that the air was going straight. However, the paper emphasizes the 
point that the air does not flow that way. Now I think we should turn our atten- 
tion to the practical application of the design. 


AvutHors’ CLosure: Regarding Mr. Priester’s comments, Fig. 9 is a plot of the 
end points from curves such as Fig. 8, obtained by dividing the final static pressure 
by the total pressure at the duct entrance. The curve in Fig. 9 was not extended 
to include the data of Fig. 8 because of a relatively large spread in experimental 
points for duct entrance kinetic energies beyond 80 percent. The data of Fig. 8 
indicate a percent kinetic energy of 87 percent and a recovery of 68 percent and the 
curve, if extended to include this point, would then be a straight line. 

Up to now, no data have been obtained on throw of air from the slots tested. 

A slot to duct area ratio of 0.4 would give good air distribution. Referring to 
Figs. 4 and 5, the minimum upstream discharge angle would be 76 deg for a square 
edged slot and approximately 65 deg for a rounded-entrance slot. 

Mr. Ashley mentioned the duct losses. Figs. 8 and 9 reveal these duct losses. 
The only point causing concern was the eddy current loss and how much of the 
velocity pressure was lost on eddy currents. All the end points and duct losses were 
not friction losses but eddy losses, and are correlated in Fig. 9. 

In reply to Mr. Bartlett, data from Figs. 4 and 5 may be used for a possible 
vane design for obtaining air flow at right angles to the axis of the duct. If turn- 
ing vanes, designed according to the air discharge angles indicated in the data, 
were placed at increments of length along the slot outlet, the air stream could be 
turned to the desired direction. Each vane would have a slightly different curvature 
depending on its position along the slot. 

Answering Mr. Harris’ question, for a given volume of flow, the magnitude of 
the slot outlet velocity decreased only slightly toward the downstream end of the 


100 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


slot. This decrease was due to regain losses along the duct, and was on the order 
of 5 to 10 percent of the upstream slot velocity. The direction of the slot velocity 
was found to be much more important in regards to air distribution than a slight 
decrease in its value. 

Figs. 4 and 5 indicate the air discharge angles for various slot to duct area ratios. 
As the relationship between the slot area and the supply duct area approach a plenum, 
i.e., the area ratio approaches zero, essentially uniform air distribution may be 
realized. 


| 
| 


No. 1329 


FRICTION EQUIVALENTS FOR ROUND, SQUARE 
AND RECTANGULAR DUCTS 


By R. G. HuesscHer*, CLEVELAND, OHIO 


This paper is the result of research carried on by the AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS, at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio 


HE DESIGN of a ventilating or air conditioning system requires the use of 
rectangular duct work as a practical necessity; consequently friction loss 
data on such ducts are essential for design purposes. 

The air friction chart for round ducts of average construction, now used in 
THe HEATING, VENTILATING, AiR CONDITIONING GuipE!, was developed by 
Wright from accepted work in fluid mechanics, and first presented to the Society 
in a research paper in 1945?. 

The present study, completed under the supervision of the subcommittee on 
air duct friction of the Technical Advisory Committee on Air Distribution and 
Air Friction, establishes a relationship between rectangular and circular ducts 
that enables the design engineer to estimate with a greater degree of assurance 
the resistance of rectangular ducts in terms of their circular equivalents and the 
new air friction chart. 

Texts on fluid mechanics*: 4 suggest that ducts having different cross-sectional 
forms but with the same ratio of cross-sectional area to perimeter will have 
the same friction pressure loss for equal lengths at equal mean velocities of flow. 
This ratio is called the hydraulic radius, and when multiplied by four, is the 
hydraulic or equivalent diameter. A duct of circular section will have an 
hydraulic diameter equal to its geometric diameter; consequently, the hydraulic 
diameter of a noncircular section will be equal to the geometric diameter of an 
equivalent circular duct. 

Theories developed in studies on air flow indicate that the assumption of equal 
friction pressure loss for equal mean velocities in ducts of differing forms and 
the same equivalent diameter may not hold too well when applied either to low 
velocities of flow in small ducts or to ducts of extreme proportions, i.e. high 
aspect ratios. 


* Research Engineer, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
1 Exponent numerals refer to Bibliography. 


Presented at the 54th Annual Meeting of the American Sociery or HeatinG AND VENTILATING 
Enoineers, New York, N. Y., February, 1948. 
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The main purpose of this study was to check the validity of this simple 
criterion over a reasonably wide range of velocities and aspect ratios. The first 
part of the paper gives the results of an experimental investigation using three 
ducts of different forms but each of 8 in. equivalent diameter. The duct sizes 
were 8 in. ID round, 8 in. square and 4.5 in. by 36 in. rectangular (8:1 aspect 
ratio). Air velocities used ranged from 300 to 9310 fpm. 

For most practical purposes the three ducts were found to be identical in 
flow resistance at equal velocities. 


Part I—THE Stupy OF THE FUNDAMENTAL RELATIONSHIP 
Description of Apparatus and Tests 


Ducts: The three ducts were fabricated from 16 gage galvanized sheet metal 
to provide the necessary rigidity against deflection. 

Both the round and square ducts were constructed in 6 ft sections (Fig. 1) ; 
nine sections were flanged and bolted together to form 54 ft of straight duct. 
Each section was matched to the mating section by inspection of the inside joint 
after which two % in. taper pins were installed in the flanges to insure alignment 
when the duct was assembled for testing. A plastic sealing material was used 
between flanges, and the joint was inspected for extrusion of the sealing 
material on the inside. 

To prevent excessive deflection and reduction in area as the suction pressure 
was increased, the rectangular duct was braced externally. This duct was con- 
structed in five 10 ft lengths and was matched and sealed, as noted, to form 
50 ft of straight duct. 

Quantities Measured: The quantities that determine the friction pressure loss 
in a straight duct are mean air velocity; air temperature, humidity and pressure; 
duct cross-sectional dimensions, length, and surface roughness. 

Mean Air Velocity: The mean air velocity was determined from the measure- 
ment of the air quantity and the duct area. For the velocity range over which 
each duct was tested see Table 1. 

Air Quantity: Air quantity was measured by the use of five cast aluminum 
nozzles made approximately to ASME long-radius, low-ratio proportions and 
equipped with throat static taps. The nozzles were installed in a chamber con- 
structed according to the ASME 1940 Power Test Code proportions® for 
confined discharge from an infinite region. 

The nozzles were calibrated in place by impact tube traverses at the throat 
over the full flow range®. Though the nozzle coefficient was found to be variable 
with flow rate, a constant coefficient of 0.99 approximated the variable coefficient 
within +0.41 percent over the test range. The estimated error in any flow 


TaBLe 1. DIMENSIONS AND AREAS OF Test Ducts 
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Fic. 1. DETAILS OF DUCT, FLOW MEASURING AND FLOW PRODUCING EQUIPMENT 


measurement due to all sources, including the assumption of constant nozzle 
coefficient, did not exceed +2 percent. Flow ranges for the five nozzle sizes 
overlapped appreciably. Friction pressure loss data taken in the overlapping 
region for either of the two nozzle sizes were found to be identical when plotted 
and compared at the same mean air velocity in the duct. 

The rectangular duct tests required the simultaneous use of the 9 in. and 10 
in. nozzles in the metering chamber for mean air velocities over 5330 fpm. The 
larger nozzle was mounted in the chamber as shown in Fig. 1. 

Leakage flow measurements were made before and after each duct was tested. 
Leakage never exceeded 0.4 percent of the minimum flow rate used in any test 
on any one duct. The leakage rate was obtained by sealing off the nozzle and 
the duct at the fan end and measuring the rate of air exhaustion produced by a 
small blower as indicated by a gas meter when a constant suction pressure was 
maintained in the system. 

Duct Area: Duct dimensions were obtained at the center of representative 2 ft 
sections along the entire length of the test section. The average dimensions and 
calculated areas of the three ducts are given in Table 1. 

The range of dimensions given for the rectangular duct occurs as the result of 
duct deflection caused by pressure difference, although the duct was strongly 
braced. Measurements of duct area and suction pressure established a relation- 
ship by which the actual duct area could be calculated for any given suction 
pressure. Data were calculated upon the basis of actual area of the duct, 
determined by the average internal suction pressure in the test section. 

For the round and square ducts, no significant decrease in duct area was 
caused by pressure difference. 

Velocity Traverses: A 0.10 in. diameter Pitot-static tube of Prandtl’s propor- 
tions? was used to make traverses within the ducts at several velocities and 
locations along the duct length. 


Static Friction Pressure Gradient 


Experimental Technique: At a sufficient distance downstream from the 
entrance to the duct, the static friction pressure drop is proportional to duct 
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length. The friction pressure drop in inches of water may then be expressed 
as the loss per foot of duct length and may be termed the static friction 
pressure gradient. 

Surging of the pressures within the duct made it desirable to determine static 
pressures not with respect to the atmosphere but differentially with respect to 
another static pressure location along the duct length. In this manner the 
pressure surges affect both locations similarly, the pressure difference remaining 
fairly constant. 

Static Taps: Soon after testing commenced it was apparent that the 3/64 in. 
wall static tap openings could not be used for the square duct. Investigation 
showed that surface conditions near the tap had a great influence upon the 
indicated static pressure, especially at the maximum velocities, although the 


Fic. 2. GENERAL ARRANGEMENTS OF TEST EQUIPMENT FOR DETERMINING AIR 
DUCT FRICTION EQUIVALENTS 


irregularity or waviness of the wall could be detected only by very careful 
examination. 

Static Tubes: The static holes of the Pitot-static tube described earlier in this 
report were used to measure duct static pressures and were found satisfactory 
for the round and square ducts. 

The larger area of the rectangular duct permitted a larger Pitot-static tube 
to be used thus giving the advantage of quicker gage response. Two 0.25 in. 
Pitots of Standard Pitot Tube proportions’ were found to be satisfactory and 
were used with a hook gage for the low velocity tests. 

Static pressure explorations made within the rectangular duct on a single 
plane perpendicular to the long axis of the duct disclosed no measurable variation 
over the cross-section. A single internal static pressure taken at the axis of 
the duct at several locations along the duct length served to define the static 
friction pressure gradient. 

It was found that insertion of the tubes into the duct caused sufficient resist- 
ance to decrease the air flow in the round and square ducts. Since this effect 
was negligible when insertion was less than 2 in. the tubes were never inserted 
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for more than 2 in. Openings for static tube insertion were located every 3 ft 
along the length of the duct. 

Pressure Measurements: Five well-type inclined manometers were con- 
structed, mounted on a single panel, and filled with colored distilled water. Four 
of these had a range of 10 in. of water, the fifth had a range of 15 in. of water. 
The maximum sensitivity of the five gages was +0.02 in. of water, with an 
accuracy within this value over the entire range. For pressures less than 1 in. 
of water, two instruments were used. One of these was a hook gage with a 1 in. 
range and a maximum error of +0.001 in. of water, the other was an inclined 
draft gage of 1 in. range and an over-all maximum error of +0.002 in. of water 
when calibrated with the hook gage. 

Air Conditions: These were defined by measurement of the ambient wet and 
dry bulb temperatures, barometric pressure and duct air temperature. The 
density of the dry air and water vapor mixture flowing in the duct was deter- 
mined from the absolute pressure in the duct at the midpoint of its length, the 
duct air temperature and the ambient wet and dry bulb temperatures. 

Surface Roughness: The internal roughness of all three ducts was typical of 
galvanized iron, with very little roughness contributed by the joints. The 
hydraulic roughness magnitude cannot be measured geometrically but can be 
deduced from test results®. 


General Arrangement and Control of Equipment 


A schematic drawing of the equipment layout is shown in Fig. 1. The meter- 
ing nozzle discharges into the metering chamber as shown. Because of space 
limitations the 15 ft 10 in. duct section following the nozzle could not be laid 
out in a straight line with the duct; the air entered the duct through a smooth 
rounded entrance piece. The duct was joined to an expansion fitting and then 
to the bleeder box. Flow control was obtained by adjusting bleeder openings 
at the fan inlet and by throttling of the fan discharge. 


Test Procedure 


Fig. 1 also shows the gage arrangement with gage No. 1 measuring the static 
pressure at the throat of the nozzle, gage No. 2 measuring the differential 
pressure between a fixed upstream static tube and the movable downstream tube, 
and gage No. 3 measuring the static suction pressure relative to the atmosphere 
at the downstream station. The 10 in. nozzle is shown with gage No. 4 
measuring the throat pressure. 

A test was completed by installing the proper nozzle size, adjusting the flow 
for the required duct air velocity and obtaining static pressure and static differen- 
tial pressures at each duct station. The nozzle static pressure and duct air 
temperature were read several times in the course of a test. The general 
arrangement of the test equipment is shown in Fig. 2. 


Results and Significance of the Tests 

The form of the Darcy-Weisbach equation?® leads to the method of plotting 
used in Fig. 3. In general the quantity h,/(L/D) represents the friction pres- 
sure head loss for a duct of any size and for a length equal to its hydraulic 
diameter. The quantity V?/2g is the velocity head determined from the mean 
air velocity in the given duct. 
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Specifically, Fig. 3 presents data for three ducts of nearly equal hydraulic 
diameter. The test results are tabulated in Tables 2, 3 and 4. Obviously, fabri- 
cation tolerances and duct deflection make it impossible to have all three ducts 
with exactly the same equivalent diameter. 

The Darcy-Weisbach resistance coefficient or friction factor may be deter- 
mined as the ratio of the head loss quantity to the velocity head quantity. The 
friction factor for round duct is dependent upon the roughness of duct surface 
relative to duct diameter and the Reynolds number, which expresses the type 
of duct flow for the given air conditions, duct size and mean air velocity. The 
three curves of Fig. 3 indicate differences in the magnitude and variation of 
friction factor with Reynolds number. The slightly higher loss for the rectan- 


TaBLe 2. SUMMARY OF TeEsT RESULTS ON RouND Duct 


CV whi 


Nozze Duct Duct Mean Sratic 
THROAT Air Sratic AIR AR Diam Pressure | he/(L/D) V2/29 Re + 
Diam | Temp | Pressure! Densrry | Vevocrry | or Duct | Grapient 
In. Ft of Ft of 
In. F In. w.g. | Lb/Cu Ft fpm In. w.g./Ft | Duet Air | Duct Air 


= 


gular duct may be influenced by increased turbulence losses occuring as the 
result of secondary flow!!. 

A relative roughness very nearly typical of smooth pipe is indicated for the 
round and square ducts as determined by plotting friction factors at the corres- 
ponding Reynolds numbers on the Moody-Rouse chart!*. The friction factors 
for the rectangular duct were approximately 10 percent higher than the friction 
factors for smooth pipe over the entire Reynolds number range. The Reynolds 
number for these tests ranged from 18,600 to 589,000 and correspond to flow of 
the transitional type. 

Points below a velocity head of 2.42 ft of air (Fig. 3) are extrapolated for 
the round and square ducts on the basis of the friction factor typical of 
smooth pipe. 

The small variations in the hydraulic diameters of the ducts from a mean 
value of 8.00 in., as noted in Table 1, have a negligible effect upon the friction 
factor due to relative roughness or Reynolds number change and cannot possibly 
account for the differences in the three sets of data. 

In Fig. 4 the curves of Fig. 3 are replotted. The friction pressure loss term 
is expressed as friction pressure loss in inches of water for standard air per 100 
ft of 8.00 in. equivalent diameter duct. The velocity head term has been replaced 
by the velocity of standard air to facilitate conclusions in terms familiar to the 
design engineer. The small variation in head loss at a given velocity for the 


73 12.71 0.0694 | 9310 8.02 | 0.1011 5.07 374 5.89x10° | 0.0136 
74 7.60 | 0.0697 | 7380 8.02 | 0.0653 3.26 235 4.69x10° | 0.0139 
71 7.17 | 0.0695 | 4990 8.02 | 0.0313 1.57 107 3.18x10° | 0.0146 
72 3.69 | 0.0701 | 3350 8.02 | 0.0155 0.769 49.0 | 2.14x10° | 0.0154 
Mi 0.0707 | 2070 8.02 | 0.00636 | 0.313 18.4 | 1.34x10°| 0.0170 
70 2.41 0.0710 | 1500 8.02 | 0.00364 | 0.179 9.73 | 9.78x10* | 0.0183 
70 1.24 | 0.0711 1080 8.02 | 0.00204 | 0.0998 5.04 | 7.06x10* | 0.0198 
70 0.59 | 0.0712 749 8.02 | 0.00103 | 0.0502 2.42 | 4.87x10* | 0.0207 
70 2.24 | 0.0720 | 1310 8.02 | 0.00276 | 0.133 7.41 | 8.64x10* | 0.0180 


Test | 
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TaBL_e 3. SuMMARY OF TEST RESULTS ON SQUARE Duct 
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Ducr Duct Mean |Hypravuic| Sratic 
Static AIR AIR AM Pressure | h¢/(L/D) V2/29 Re 
Pressure | Densiry | Vetocrry | or Duct | GRaDIENT 
In. Ft of Ft of 

In. w.g. | Lb/Cu Ft fpm In. w.g./Ft | Duct Air | Duct Air 
9 11.09 0.0702 | 8540 7.88 | 0.0862 4.19 314 §.32x10 
9 9.19 0.0715 7670 7.88 | 0.0704 3.36 254 4.91x105 
9 7.07 0.0720 6530 7.88 0.0526 2.49 184 4.21x10® 
9 5.04 0.0717 5420 7.88 0.0372 1.77 127 3.48x105 
9 3.18 0.0721 4140 7.88 | 0.0240 1.13 74.0 | 2.68x105 
6 6.80 | 0.0718 | 4060 7.88 | 0.0217 1.03 71.2 | 2.61x105 
6 8.22 0.0708 4540 7.88 0.0268 1.29 88.9 | 2.88x10® 
6 5.04 0.0714 3470 7.88 0.0166 0.791 52.0 | 2.22x10 
6 2.54 0.0706 | 2370 7.88 | 0.00819 | 0.395 24.2 | 1.49x10° 
6 1.59 0.0708 1790 7.88 0.00479 | 0.230 13.9 | 1.13x10® 
4 7.71 0.0698 | 2260 7.88 | 0.00735 | 0.359 22.0 | 1.40x105 
4 1.36 0.0716 808 7.88 | 0.00117 | 0.0558 2.82 | 5.19x104 
4 2.67 0.0710 1320 7.88 | 0.00290 | 0.139 7.54 | 8.39x10* 
7 10.89 0.0692 6720 7.88 | 0.0526 2.59 194 4.15x10 
7 9.81 0.0696 | 6510 7.88 | 0.0508 2.49 183 4.06x10 
7 9.52 0.0692 6270 7.88 0.0463 2.28 170 3.85x10 
7 6.72 6.0697 5210 7.88 | 0.0329 1.61 117 3.22x10° 
7 4.62 0.0694 4300 7.88 | 0.0231 1.13 79.8 | 2.65x10° 
7 2.37 0.0697 3090 7.88 0.0128 0.625 41.2 | 1.91x10 
9 10.91 0.0694 8540 7.88 0.0839 4.12 315 5.31x10° 
9 10.42 0.0694 8350 7.88 0.0807 3.96 301 5.15x10 
9 8.89 0.0696 7670 7.88 0.0689 3.37 254 4.73x10 
9 9.05 0.0696 7720 7.88 0.0703 3.44 257 4.77x10° 
9 8.34 0.0695 7440 7.88 0.0643 3.15 239 4.59x10° 
9 5.35 | 0.0701 5870 7.88 | 0.0417 2.03 149 3.65x10° 


4. SUMMARY OF TEST RESULTS ON RECTANGULAR Duct 


Ducr Ducr Mean |Hypravuic| Sratic 
Sratic AIR AIR 1AM RE | h¢/(L/D) V2/29 Re 
Pressure | Density | Vevociry | or Duct | GrapiENnT 
In. Ft of Ft of 

In. w.g. | Lb/Cu Ft fpm In. w.g./Ft | Duct Air | Duct Air 
9 6.51 0.0699 | 3780 7.92 | 0.0197 0.970 61.6 | 2.36x10 
9 7Al 0.0693 4070 7.87 0.0228 1.13 71.2 | 2.50x10® 
9 1.81 0.0706 1950 8.02 0.00602 | 0.296 16.4 | 1.25x10® 
9 4.21 0.0703 3010 7.95 0.0132 0.648 39.1 | 1.90x10° 
7 5.26 0.0698 2200 7.94 0.00740 | 0.365 20.8 | 1.38x10° 
7 3.14 0.0705 1670 7.99 0.00458 | 0.225 12.1 | 1.06x10® 
4 0.86 0.0688 300 8.03 0.000222} 0.0112 0.388} 1.86x10* 
4 6.40 0.0696 825 7.92 0.00126 | 0.0618 2.94 | 5.15x10* 
4 3.57 0.0704 602 7.97 0.000739; 0.0363 1.57 | 3.83x10* 
4 1.97 0.0706 448 8.00 0.000429; 0.0211 0.866} 2.87x10* 

‘4 0.98 0.0708 318 8.03 0.000238) 0.0117 0.436) 2.05x10* 

6 1.05 0.0710 723 8.03 0.00105 | 0.0512 2.26 | 4.67x10* 
6 3.05 0.0707 1230 7.98 0.00269 | 0.131 ° 6.55 | 7.89x10* 
7 1.07 0.0722 955 8.02 0.00173 | 0.0833 3.92 | 6.30x104 
7 5.08 0.0715 2140 7.93 0.00739 | 0.356 19.8 | 1.38x10® 
9 1.36 0.0722 1646 8.00 0.00471 0.227 11.7 | 1.08x10® 
9, 10 10.35 0.0698 7950 7.83 0.0785 3.82 273 4.91x105 
9, 10 4.82 0.0695 5330 7.95 0.0372 1.84 123 3.33x10° 


F | 
Test | T f 
No. | ] 
| | 
| | 0.0133 
| 0.0132 
| | 0.0135 
| | 0.0140 
| 0.0153 
| 0.0145 
| 0.0145 
| 0.0152 
0.0163 
| 0.0166 
| | 0.0163 
| 0.0198 
| 0.0184 
| 0.0134 
| 0.0136 
| 0.0134 
| 0.0138 
| 0.0142 
| 0.0152 
| 0.0131 
| 0.0132 
0.0133 
| 0.0134 
| 0.0132 
| | 0.0136 
| | | | 
| 
No. | 
| | 
2 | 0.0158 
3 | 0.0158 
5 | | 0.0180 
6 | | 0.0166 
7 | 0.0175 
8 | 0.0186 
4 0.0290 
15 | | 0.0210 
16 | | 0.0231 
17 | | 0.0244 
18 | 0.0268 
19 | | 0.0226 
20 | | 0.0201 
21 | 0.0212 
22 | | 0.0180 
93, | | 0.0194 
24 0.0140 
25 | 0.0150 
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CoMPARISON OF FRICTION PRESSURE LOSS IN ROUND, SQUARE AND 
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three ducts is negligible for most practical purposes. The maximum variation 
is +5.0 percent from the mean value. 

Related to the frictional loss of pressure in long ducts are the increased duct 
losses caused by turbulence and velocity transformation near the entrance!*, In 


80 : T 
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Fic. 4. COMPARISON OF FRICTION PRESSURE LOSS IN INCHES OF 
WATER FOR 100 Fr oF 8.00 IN. EQUIVALENT DIAMETER ROUND, 
SQUARE AND RECTANGULAR DUCTS 


Fig. 1, immediately following the entrance piece, the distribution of flow over 
the cross-section of the duct is uniform. At a downstream location, the velocity 
in the neighborhood of the duct surface is less than the average velocity in the 
cross-section and consequently the center velocity must be accelerated in accord- 
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ance with the requirements for continuity of flow. The decrease in flow velocity 
near the duct surface is the result of skin friction, and the layer of air so affected 
is termed the boundary layer. Its thickness for a constant Reynolds number 
increases with the length of surface over which the air has passed until it equals 
one half the maximum cross-section dimension of the duct. For a given length 
the boundary layer thickness decreases as the mean air velocity increases. The 
boundary layer development is reflected by the transformation of the velocity 
profile along the length of the duct. The duct length required for the complete 
transformation of the entrance profile to the stable, fully-developed profile down- 
stream may defined as the entrance length. 

Associated with a change in velocity profile are the increased losses due to 
turbulence. Any tests for duct resistance in fully-developed flow must not 
include the entrance length for which the losses are directly attributable to the 
entrance fitting. The effect of entrance fittings in common use on duct friction 
will be the subject of a more detailed study. 

The static pressure loss occurring as the result of velocity head transformation 
in the duct following the entrance fitting has been reported as approximately 0.09 
velocity heads!*, This loss depends upon the form of the fully developed velocity 
distribution and was found to be 0.028 velocity heads for the conditions of test 
outlined in more detail later in this discussion. The distance required for com- 
plete transformation is not well established; values from 10 to 100 diameters have 
been reported for turbulent flow!®. In terms of 8.00 in. equivalent diameter duct, 
entrance lengths from 7 to 67 ft would be required. Due to the smoothness of 
the entrance piece and lack of turbulence upon entry, the longer length is 
probably the more typical for these tests. 

Since velocity head transformation probably occurred over the complete length 
of duct tested, a check was made on the effectiveness of the transformation in 
increasing the static pressure loss. Two traverses at opposite ends of the round 
duct indicated different velocity profiles, the centerline velocity at the down- 
stream end was 6.6 percent higher than at the upstream end for a mean velocity 
of 9310 fpm. The velocity head difference occurring as the result of the velocity 
transformation was found to be negligible. The velocity head at a given traverse 
station was determined by plotting velocity pressure obtained by traverse vs. the 
square of the radial distance from duct axis to traverse point. The average value 
of the resulting curve was then calculated by integration and division by the 
base length. To substantiate further the lack of effective increase in static 
pressure loss due to velocity profile transformation, the friction loss measured in 
these ducts was found to be typical of smooth pipe and consequently no smaller 
loss is physically possible. 


Part II. Crrcutar EQUIVALENTS OF RECTANGULAR DUCTS FoR 
EQuAL FRICTION AT EQUAL CAPACITIES 


The practical use of a relationship which expresses form equivalence demands 
that the static friction pressure losses for rectangular ducts and their circular 
equivalents be equal for equal lengths and equal cfm capacities. For a given 
length and capacity the friction pressure loss of a rectangular duct must be 
equal to the friction pressure loss of an equivalent circular duct of the same 
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length and capacity. When the duct sizes are expressed in terms of hydraulic 
diameter, equating these pressure loss expressions leads to a relationship between 
the dimensions of the rectangular duct and its circular equivalent. Tables of the 
circular equivalents of rectangular ducts for equal friction and capacity based 
on the results obtained in this study are included. 


Derivation of Circular Equivalents’ Relationship for Rectangular Ducts 


The equivalent diameter, D, has been given as: 


4A 
P 
where 
A = cross-sectional area of duct in inches. 
P = perimetric length of cross-section in inches. 


In the case of a circular duct, the equivalent diameter may be shown to be 
equal to the geometric diameter. For a rectangular duct, 


4ab 2ab 2b Ar 


D= = al (2) 
2(a +b) (a+b) Ar+l 
where 
a = width of duct in inches. 
b = depth of duct in inches. 


Ar = aspect ratio or ratio of duct width to depth. 


The area of a rectangular duct can be expressed in terms of aspect ratio and 
hydraulic diameter as: 
D* (Ar + 1)? 
A= 


from which it can be seen that for constant hydraulic diameter (1) the area of 
a square duct is greater than the area of a circular duct and (2) the area of a 
rectangular duct increases with increasing aspect ratio. As a consequence of 
the larger area of the rectangular duct, the use of the hydraulic diameter theory 
for friction equivalence requires that a greater cfm flow rate will be necessary 
in a rectangular or square duct than in a circular duct to obtain equal mean 
air velocities. 

The exponential equation expressing the pressure loss in the foregoing terms 
is determined from the air friction chart developed by Wright!. The curved and 
nonparallel lines of the chart can be approximated reasonably well by a series of 
straight, parallel lines for which an equation can easily be determined. The 
area of the chart corresponding to duct sizes between 4 in. and 38 in. and mean 
air velocities between 350 and 2400 fpm is most commonly used. With an error 
of not more than 3.0 percent, this area of the chart may be represented by the 
exponential equation : 


L 


Vo \1-845 
ap = 0.027 (4) 
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‘ANGU-gaR DUCTS FOR FRICTION AND CAPACITY 
Swe 
REcTAN- 
0 | 13.5 Hao | 14.5 | 15.0 | 15.5 | 16 GULAR 
Duct 
4) 67| 68] 69| 7.0 3.0 
7.3] 7.4] 7.5) 7.6 3.5 
79} 8.1] 8.2] 8.3 4.0 
92 85} 8.6] 87] 89 4.5 
&7 9.0] 9.1] 9.3] 94 5.0 
92 9.5) 9.6] 9.8] 9.8 5.5 
Sipe 
REcTAN- 
g | 3 34 | 36 | 38 | 40 | 42 | 44 | 46 | 48] So| 52] 56 | 60 | 64 | 68 | 72 | 76 | 80 | 84] 88 | GutaR 
Duct 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
22 
24 
26 
.6 28 
6 | 328 30 
| 338 32 
| 348 37.2 34 
6 | 358 950) 38.2 | 39.4 36 
.5 | 367 80) 39.2 | 40.4 | 41.6 38 
4 | 37.6 90) 40.2 | 41.4 | 42.6 | 43.8 40 
.3 | 386 99/411 | 42.4 | 43.6 | 44.8 | 45.9 42 
1 | 395 BMS | 42.0 | 43.4 | 44.6 | 45.8 | 46.9 | 48.1 44 
9 | 403 BAl7 | 43.0 | 44.3 | 45.6 | 46.8 | 47.9 | 49.1 | 50.3 46 
.7 | 41.2 F426 | 43.9 | 45.2 | 46.5 | 47.8 | 48.9 | 50.2 | 51.3 | 52.6 48 
4 | 420 BAS | 44.8 | 46.1 | 47.4 | 48.8 | 49.8 | 51.2 | 52.3 | 53.6 | 54.7 50 
2.| 428 B43) 45.7 | 47.1 | 48.3 | 49.7 | 50.8 | 52.2 | 53.3 | 54.6 | 55.8 | 56.9 52 
0 | 43.6 450 | 46.5 | 48.0 | 49.2 | 50.6 | 51.8 | 53.2 | 54.3 | 55.6 | 56.8 | 57.9 54 
.7 | 44.3 B48 | 47.3 | 48.8 | 50.1 | 51.5 | 52.7 | 54.1 | 55.3 | 56.5 | 57.8 | 58.9 | 61.3 56 
4 | 45.0 946 / 48.1 | 49.6 | 51.0 | 52.4] 53.7 | 55.0 | $6.2 | 57.5 | 58.8 | 60.0 | 62.3 58 
0 | 458 B43 | 48.9 | 50.4 | $1.8 | 53.3 | 54.6 | 55.9 | 57.1 | 58.5 | 59.8 | 61.0 | 63.3 | 65.7 60 
.7 | 465 $80) 49.7 | 51.2 | 52.6 | 54.2 | 55.5 | 56.8 | 58.0 | 59.4 | 60.7 | 62.0 | 64.3 | 66.7 62 
4 | 47.2 B87 | 50.4 | 52.0 | 53.4 | 55.0 | 56.4 | 57.7 | 59.0 | 60.3 | 61.6 | 62.9 | 65.3 | 67.7 | 70.0 64 
.0 | 478 B95 | 51.1 | 52.8 | 54.2 | 55.8 | 57.2 | 58.6 | 59.9 | 61.2 | 62.5 | 63.9 | 66.3 | 68.7 | 71.1 66 
6 | 84 B82] 51.8 | 53.5 | 55.0 | 56.6 | 58.0 | 59.5 | 60.8 | 62.1 | 63.4 | 64.8 | 67.3 | 69.7 | 72.1 | 74.4 68 
2 | 49.0 $509 | 52.5 | 54.2 | 55.8 | 57.3 | 58.8 | 60.3 | 61.7 | 63.0 | 64.3 | 65.7 | 68.3 | 70.7 | 73.1 | 75.4 70 
8 | 49.7 B15 | 53.2 | 54.9 | 56.5 | 58.0 | 59.6 | 61.1 | 62.6 | 63.9'| 65.2 | 66.6 | 69.2 | 71.7 | 74.1 | 76.4 | 78.8 72 
4 | 503 B81 | 53.9 | 55.6 | 57.2 | 58.8 | 60.4 | 61.9 | 63.3 | 64.8 | 66.1 | 67.5 | 70.1 | 72.7 | 75.1 | 77.4 | 79.9 74 
.0 | 508 B27 | 54.6 | 56.3 | 57.9 | 59.5 | 61.2 | 62.7 | 64.1 | 65.6 | 67.0 | 68.4 | 71.0 | 73.6 | 76.1 | 78.4 | 80.9 | 83.2 76 
.5 | 51.5 B53 | $5.2 | 57.0 | 58.6 | 60.3 | 62.0 | 63.4 | 64.9 | 66.4 | 67.9 | 69.3 | 71.8 | 74.5 | 77.1 | 79.4 | 81.8 | 84.2 78 
.1 | $20 B59 | 55.8 | 57.6 | 59.3 | 61.0 | 62.7 | 64.1 | 65.7 | 67.2 | 68.7 | 70.1 | 72.7 | 75.4 | 78.1 | 80.4 | 82.8 | 85.2 | 87.5 80 
.6 | $26 B45 | 56.4 | 58.2 | 60.0 | 61.7 | 63.4 | 64.9 | 66.5 | 68.0 | 69.5 | 71.0 | 73.6 | 76.3 | 79.0 | 81.4 | 83.8 | 86.2 | 88.6 82 
1 | 53.2 B81 | 57.0 | 58.9 | 60.7 | 62.4 | 64.1 | 65.7 | 67.3 | 68.8 | 70.3 | 71.8 | 74.5 | 77.2 | 79.9 | 82.4 | 84.8 | 87.2 | 89.6 | 91.9 84 
6 | 53.7 B37 | 57.6 | 59.5 | 61.3 | 63.0 | 64.8 | 66.4 | 68.0 | 69.5 | 71.1 | 72.6 | 75.4 | 78.1 | 80.8 | 83.3 | 85.8 | 88.2 | 90.6 | 92.9 86 
.2 | $43 B53 | 58.2 | 60.1 | 62.0 | 63.7 | 65.4 | 67.0 | 68.7 | 70.3 | 71.8 | 73.4 | 76.3 | 79.0 | 81.6 | 84.2 | 86.8 | 89.2 | 91.6 | 93.9 88 
.8 | 548 B69 | 58.8 | 60.7 | 62.6 | 64.4 | 66.0 | 67.8 | 69.4 | 71.1 | 72.6 | 74.2 | 77.1 | 79.9 | 82.5 | 85.1 | 87.8 | 90.2 | 92.6 | 94.9] 97.3} 90 
4 | S54 BS4 | 59.4 | 61.3 | 63.2 | 65.0 | 66.8 | 68.5 | 70.1 | 71.8 | 73.3 | 74.9 | 77.8 | 80.8 | 83.4 | 86.0 | 88.7 | 91.2 | 93.6 | 95.9| 98.3) 92 
.9 | $59 F579 | 60.0 | 61.9 | 63.8 | 65.6 | 67.5 | 69.2 | 70.8 | 72.5 | 74.1 | 75.6 | 78.6 | 81.7 | 84.3 | 86.9 | 89.6 | 92.1 | 94.6 | 96.9} 99.3} 94 
4 | 56.3 B84 | 60.5 | 62.4 | 64.4 | 66.2 | 68.2 | 69.8 | 71.5 | 73.2 | 74.8 | 76.3 | 79.4 | 82.6 | 85.2 | 87.8 | 90.5 | 93.0 | 95.6 | 97.9 | 100.3} 96 
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where 


p = friction pressure loss in inches of water for a duct of length L. 
L = duct length in feet. 

D = diameter of round duct in inches. 

i} mean air velocity in feet per minute. 


From the conclusions of Part I the pressure loss in the rectangular duct may 
be expressed as, 


1.23 1.845 
where 
a = duct width in inches. 
6 = duct length in inches. 
Equating friction pressure losses at equal capacities for equal lengths: 
a+b \1-23 1.845 4X 1440\1-845 
0.0271 (5 = 0.0271 
from which 
(ab)* 
= 1.30 (a+b) 1.30 02 (6) 
where 


De = circular equivalent in inches of a rectangular duct for equal friction and 
capacity. 

Madison?® proposed an exponential equation fitting the body of the air friction 

chart from which the circular equivalent relationship for rectangular ducts could 

be calculated. Madison’s form of the final relationship gave a circular equivalent 

differing less than one percent from the foregoing form for an aspect ratio of 9:1. 

Table 5 gives the circular equivalents of rectangular ducts for aspect ratios 
not greater than 11.7:1. 


SUMMARY 


Part I—Three galvanized iron ducts of approximately 8 in. equivalent diameter 
with very little roughness contributed by the joints were tested for friction 
pressure loss in equal lengths at equal velocities of flow. The ducts tested were 
8 in. round, 8 in. square and 4.5 x 36 in. rectangular (8:1 aspect ratio). 


It may be concluded from the tests that: 


1. The friction factors for the three ducts were very nearly typical of smooth pipe. 

2. The maximum variation from the mean static friction pressure loss, at a mean 
air velocity between 300 and 9000 fpm for the three ducts, corrected to an 8.00 in. 
equivalent diameter, did not exceed +5.0 percent. 

3. There was no measurable increase in the indicated duct loss due to velocity 
head transformation. 

4. For most practical purposes rectangular ducts of aspect ratios not exceeding 8:1 
will have the same static friction pressure loss for equal lengths and mean velocities 
of flow as a circular duct of the same hydraulic diameter. 
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Part II—From an exponential equation relating the quantities in the 
A.S.H.V.E. friction chart (THe Guipe 1947) over the velocity range and 
duct size range most commonly used (i.e. 350 to 2400 fpm and 4 to 38 in.), and 
by the use of the final conclusion of Part I applied to ducts of commercial con- 
struction, an equation was derived giving the circular equivalent of a rec- 
tangular duct for equal friction and capacity. 

This equation was used to calculate Table 5 which gives circular equivalents 
of rectangular ducts for equal friction and capacity for rectangular ducts from 3 
in. by 4 in. to 88 in. by 96 in. Aspect ratios between 8:1 and the maximum 
11.7:1 are tabulated for discriminate use when ducts between these proportions 
must be used. 


APPENDIX 
Brief Theory of Duct Flow 


The relationship between the aforementioned quantities affecting friction 
pressure loss in straight ducts is expressed in the following Darcy-Weisbach 
equation?®, 


where 


the friction pressure loss in feet of air over the distance L. 

= the duct length in feet. 

= the hydraulic diameter in feet. 

the mean air velocity in feet per second. 

the acceleration due to gravity or 32.16 feet per (second) (second). 

= “ Darcy-Weisbach resistance coefficient commonly called the friction 
actor. 


SUNS 


Equation (a) is developed from a relationship expressing the drag force upon 
a unit area of the duct surface exposed to a parallel moving air stream in terms 
of the average air velocity, density and drag coefficient as follows: 


where 


to = the drag force in pounds per square foot of surface. 

e = the air density in pounds per cubic foot. 

V = the mean air velocity relative to the boundary surface in feet per second. 
cf = the drag coefficient. 


To evaluate the total drag on the inside of a duct of perimeter P and length L 
the total drag force on the surface area PL is, 


72 


where 


F = the total drag force upon the duct surface. 


= 


L Vv 
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Consider the forces upon an isolated length of duct L. The difference between 
the force at the upstream end of the duct and the lesser force at the downstream 
end maintains flow. For dynamic equilibrium the force opposing flow or total 
drag force must be equal to the force maintaining flow, 


where 


pi and p; = the static pressure at the ends of the duct length, L, in pounds per 
square foot. 
A = the cross-sectional area of the duct. 


From Equations (c) and (d) 
L eV? 


Equation (e) may also be expressed in head loss in feet of the fluid flowing, 
L 


which is Equation (a) with D replaced by the equivalent quantity 44/P. 
For a duct of circular section the quantity, 
4 
equals the geometric diameter and when expressed as in Equation (e) may be 
the hydraulic diameter of a noncgircular section as noted earlier. 
The Reynolds number for duct flow expresses the ratio of the magnitude of 
the quantities increasing the turbulence of flow to the magnitude of the quan- 
tities increasing dampening of the turbulence: 


where 


Re = Reynolds number, dimensionless. 

D = the hydraulic diameter of the duct cross-section in feet. 
mean air velocity in feet per second. 

v = kinematic viscosity of the air in feet“per (second), 


ll 


For a Reynolds number less than 2000 the flow is viscous and all turbulence 
is completely dampened out, whereas for Reynolds numbers greater than 2000, 
the viscous action of the fluid is generally ineffective and turbulence persists in 
the main body of the flow stream. 
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DISCUSSION 


R. D. Mapison, Buffalo, N. Y.: The next work on the agenda of the Ducts and 
Fittings Committee is the tests of fittings and elbows, which, of course, involve a 
higher percentage of loss than the slight friction in ducts. 

However, in the work on elbows and fittings the method of presentation probably 
will have to be given in two different ways. One is expressed in percent of the 
velocity head and the other in the equivalent length of straight duct. 

In doing this we will have to have a number of crossovers to intelligently appraise 
the value, and the results of this paper will help us. Both methods of presentation 
of loss in fittings and elbows have their limitations, due to variations in the velocity 
and diameter. The work of this paper will aid the user to interpret by either method 
of presentation the results that can be obtained later. 


R. S. Leicu, Waterbury, Conn.: It so happens that I have conducted several tests 
similar to those reported in this paper, in the past. 

One such test dealt with air and gas flow in the primary and secondary air duct 
work of large steam generating units. The relation of the equivalent hydraulic 
diameter was used in all cases as a matter of course, and there were many other tests 
run by my associates at that time, proving this relationship. 

Later, I was interested in testing the flow of fluids through tubes of various shapes 
for heat transfer and fluid flow calculations. The use of the equivalent hydraulic 
diameter as a major parameter has proven satisfactory, whether you consider a highly 
viscous material such as an oil at low temperature, or whether you consider a low 
viscosity fluid such as air. The viscosities there may vary in the order of a hundred 
thousand to one but the use of the equivalent hydraulic diameter will permit calcula- 
tion of a friction factor from test data, for a wide variety of conditions. This 
factor can be fitted easily into the friction factor chart as given in Professor Moody’s 
paper, reference 9 of this paper, taking the roughness of the duct or pipe or tube 
into account. 

This is a plea for consistency which I have made at 4SME meetings and 
which I will repeat here. The equivalent hydraulic diameter should be used with 
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discretion in the Reynolds number, as in Equation g of this paper. Through its 
use, a simplified relation may be obtained as follows: 
Equation g reads: 


4 
2, 


but v, viscosity (feet squared) per (second), = w/e 
where u = viscosity, pounds per foot-second, 
and e = density, pounds per cubic foot. 


4A 

where A = cross-sectional area of duct, square feet, 
and P = wiped perimeter of duct, feet. 


Also, D, equivalent hydraulic diameter, feet, = 


Also, V, mean air velocity, feet per second, = x 
where w = pounds of fluid (air) per second, 


and (A) and (¢) are as given above. 
We can then write 
4A e w 4w 
and the Reynolds number becomes a function of the quantity of a given fluid flowing, 
divided by the perimeter of the fluid stream. 

We have, then, derived a Reynolds number which is based only on the quantity 
and perimeter of the fluid stream. This method has been used successfully in a 
variety of cases with several fluids, and tubes and ducts of many shapes. 

This approach is also promising in the calculation of fluid flow over the outside 
of tubes, in an unconstricted path. Here, the eddies set up by obstructions in the 
fluid stream act as surfaces against which the material wipes. 

The use of this consistent Reynolds number should allow comparison of many 
seemingly irreconcilable fluid flow problems on a simplified, common basis. 


Re 


Kirpy Wacker, Lafayette, Ind.: During the war, when I was working in heat 
transfer and the flow of fluids, a lot of things the speaker has just mentioned were 
a great help to me. Some of them I learned in my work, and some of them I 
picked up from others. 

I have been in the heating industry a good many years, and I started out just as 
a lot of you fellows are still doing, figuring things in feet per second. 

If you are using some of the concepts the speaker has referred to and if, instead 
of thinking in terms of feet per second, you think in terms of mass velocity, the 
problems including Reynolds number, co-efficients, etc., become very simple. You 
will then be able to do many of these problems in your head. 

For instance, instead of using feet per second, use pounds per hour through the pipe 
and divide by the area; the result is the pounds per square foot per hour—the 
mass velocity. 


AvutHor’s CLosure: Mr. Madison has made a very helpful comment and I wish 
to thank him for it. This was a nice project to work on and he offered much 
constructive criticism and help. 

Answering Mr. Walker’s point, Mr. Koestel just brought to my attention the fact 
that in heat transfer work you do use mass velocity concepts, and yet in air condi- 
tioning and ventilating that is difficult to grasp. If a person says so many pounds 
of air per hour, I am sure every one in the air conditioning business would have 
to figure a moment to find out the CFM, because that is the way he wouid recog- 
nize quantities physically. 
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MEASUREMENT OF HEAT OUTPUT OF A 
ONE SQUARE FOOT PANEL 


By R. S. LercgH*, WaTerRBuRY, Conn., AND R. G. VANDERWEIL**, 
New York, N. Y. 


INTRODUCTION 


HE object of this experiment was to obtain test confirmation of a simple 

graphical method for determining the heat output in Btu per (hr) (sq ft) 
from a heated panel of a certain surface temperature to a room of certain tem- 
perature. The graphical method, first proposed by Giesecke!, as adapted for 
use by Vanderweil?, presupposed the use of a mean effective temperature 
(MET). This arithmetic average of the air temperature t, and the effective 
average of all the surface temperature f., when used as the receiving tempera- 
ture, should give results sufficiently accurate for use in the design of radiant 
heating systems. Due to the inherent flexibility of water temperature in radiant 
heating systems, and due to the economic undesirability of excessive calcula- 
tion, it is apparently sufficient for the engineer to be able to predict results 
within 10 percent. Such a method is indicated graphically for floor panels, 
in Fig. 1. From this type of chart, the heated panel surface temperature, for a 
given room temperature, gives a direct reading of heat output, Btu per (hr) 


(sq ft). 


TEST 


The test was concerned with measuring the output of a heated panel in a 
floor and ceiling position and in a room of various air and room surface tem- 


* Project Engineer, Chase Brass & Copper Co. 

** Consulting Engineer, Slocum & Fuller. 

1 Radiant Heating and Cooling. How to Figure Total Heat Delivered by Panel, by F. E. 
Giesecke. (Heating, Piping & Air Conditioning, August 1940, p. 484.) 
— Ay in Panel Heated Rooms, by R. G. Vanderweil. (Heating & Ventilating, October 

p. 102. 

Presented at the 54th Annual Meeting of the American Society or HEATING AND VENTILATING 

Enorneers, New York, N. Y., February, 1948. 
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peratures. Comparison has been made using 111 tests with the panel in a 
floor position and 50 tests in a ceiling position. By comparing the test results 
with those obtained from the design charts it was found that the latter were 
close enough to be used for practical design. 


RESULTS 


At inputs varying from 27 to 103 Btu per sq ft for ceilings and from 32 to 
125 Btu per sq ft for floors and with the mean effective room temperature 
varying from 62 F to 73 F with ceiling panels and from 57 F to 78 F with 
floor panels, the measured surface temperature at a steady state condition 
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Fic. 1. FLoor PANEL OUTPUT CHART 


varied no more than three degrees from the surface temperature determined 
from floor or ceiling charts (Fig. 1). The comparison of surface tempera- 
tures obtained by test with those determined by chart is shown in Fig. 2. It 
may be seen that the deviations from the 45 deg line indicating full agree- 
ment of chart and test are small. The measured heat output was compared 
with the results obtained from the charts in Fig. 3, which indicate again small 
deviations of 10 percent or less. The heat output computed from the charts 
deviated, on the average, + 3 percent from the test readings. 

Under normal test conditions and procedures this could be considered a 
reasonable correlation. The individual test instrument accuracy was about 1 
percent, and more important errors could have occurred due to pane! surface 
temperature inertia caused primarily by uncontrollable air temperature changes. 
Form factors used were merely reasonable approximations, but of sufficient 
accuracy for this test. When dealing with small temperature differences 
between the heated surface and the room, other causes of discrepancy occur; 
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thus, this test and the graphical method are limited in scope to temperature 
differences of 10 deg or more between the heated panel and the room. 


EQUIPMENT 


The test panel used is shown in Figs. 4 and 5, and its heating system and 
thermocouple attachment are shown in Fig. 6. A cement panel % in. thick 
was used in order to reduce the lag of the panel to the point where equilibrium 
conditions could be reached in less than one hour, from a cold condition. The 
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Fic. 2. COMPARISON OF TEMPERATURES 


inner test panel of an area of one square foot as well as the protective outer 
panel were attached to a 1 in. sugar cane fiber board as indicated in Fig. 6, and 
3 in. of rock wool insulation was applied to the back of the board. The losses 
from the back of the panel were calculated and roughly checked and found to 
be around 3 percent of the input. In all calculations the actual measured input 
multiplied by 0.97 was used as the output from the surface of the inner unit 
test panel. Any variation in temperature between the inner unit test panel and 
the surrounding panel could be measured by means of a differential thermo- 
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couple consisting of eight chromel-alumel thermocouples in series. The input 
to the surrounding panel was adjusted during tests to maintain zero differential. 

Surface temperature was measured by five iron-constantan thermocouples 
buried close to the surface of the cement, and in addition, two thermocouples 
were attached to the surface with glue. The position and type of attachment 
did not seem to influence the test reading materially. The use of tape over 
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Fic. 3. DEVIATION OF MEASURED OUTPUT FROM VALUES GIVEN 
IN CHARTS 


the thermocouple, however, was tried and caused variations of one to three 
degrees, and was not continued. Two of the couples were located above the 
wire, the others between wires, to obtain average surface temperatures. Electri- 
cal input (a-c) was varied by means of variable resistors and measured by 
means of a voltmeter and ammeter, which were accurate within 0.75 percent. 
All room temperatures were measured with iron-constantan thermocouples. 
Readings were obtained with a potentiometer tested to be accurate to within 
0.01 mv. The reference junction temperature was determined by a thermo- 
couple and a clinical thermometer (tested by the State of Connecticut to be 
accurate within 0.1 deg) placed alongside the thermocouple under the tongue. 
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Test PROCEDURE 


The panel was first set up as a ceiling next to the window as shown in Fig. 
4. Measurements were made as follows: air temperature, tf, (2 points); wall 
temperature, ¢,, (4 points) ; window glass temperature, t, (4 points) ; floor tem- 
perature, t; (2 points); panel surface temperature, ft, (7 points) ; and electrical 
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Fic. 6. LIGHTWEIGHT TEST BLOCK 


input. To calculate mean surface temperature, f,, form factors were assigned 
by estimate, as indicated in Table 1. 

The panel was then moved from the window to the wall and a similar set 
of readings followed. The panel was then reversed, still in a horizontal posi- 
tion but with the surface up, as a floor, and tests were run for locations next 
to the window (Table 2), next to the wall (Fig. 5) and in the center of the room. 


CuRVES 


The tests were calculated, then plotted as shown in Figs. 2, 3, 7 and 8. Fig. 2 
indicates the relationship between the actual surface temperatures as read from 
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TaBLeE 1. Test TEMPERATURE AND OutTPpuT CEILING PANEL NEAR WINDOW 


TIME 

12:15 12:30 12:45 1:00 

PM M PM PM 
Avg Air Temp (F)?@........0..0000000...... ta 66.1 67.6 68.0 68.0 
Avg Wall Temp (F)?.................... tw 63.8 64.4 64.4 64.0 
Avg Glass Temp (F).....0000........... tg 58.0 59.7 59.0 59.0 
Avg Floor Temp (F)@.................... tf 65.7 66.6 66.3 66.0 
0.5 tg 29.0 29.8 29.5 29.5 
0.3 19.7 20.0 19.9 19.8 
Form Factor X< bey..c...........-c0sccs000 0.2 tw 12.8 12.9 12.9 12.8 
Effective Surface Temp (F) 

(t2 = 0.5 tg + 0.3 tf + 0.2 ty) te 61.5 62.7 62.3 62.1 
MET (F) = MET | 63.8 65.1 65.1 65.0 
Avg Panel Surf Temp (F)¢.......... th 85.7 86.0 86.0 86.0 
Measured Panel Output 

Btu per (Hr) (Sq Ft)4.....0...0..2 Qa 26.7 28.4 28.6 28.4 
Calc Panel Surf Temp (F)............ th' 83.0 85.5 85.5 0 
Panel Surface Conductance 

Btu per (Hr) (Sq Ft) 

1 | 
fie) | ho | 1.22 136 | 1.87 1.35 
t — MET 


a Avg. of 2 readings b Avg. of 4 readings e Avg. of 7 readings 4 See text 


Tasie 2. Test TEMPERATURE AND Output FLoor PANEL NEAR WINDOW 


| TIME 
| 11:20 11:35 11:50 12:05 
AM AM AM PM 
Avg Air Temp (F)@..............0000000.. te | 76.0 75.3 75.6 71.0 
Avg Wall Temp (F)P.....00............. tw 71.3 71.0 70.7 71.0 
Avg Glass Temp (F)P...0.0............. tg 70.0 70.7 70.0 68.4 
Avg Ceiling Temp (F)®................ te 77.0 77.0 77.0 750 
Form Factor X tg................... | O.4 tg 28.0 28.3 28.0 27.4 
Poems Factor 0.4% | 308 30.8 30.8 30.0 
Form Factor X<_ ty.......................... 0.2 tw 14.3 14.2 14.2 14.2 
Effective Surface Temp (F) 

(te = 0.4 tg + 0.4 le + 0.2 tw) tes 73.1 73.3 73.0 71.6 
MET (F) = @ MET | 745 74.3 74.3 71.. 
Avg Panel Surf Temp (F)¢.......... th 91.0 91.7 91.7 90.0 
Measured Panel Output 

Btu per (Hr) (Sq Ft)4.............. 2: 32.7 33.8 32.3 32.7 
Calc Panel Surf Temp (F)............ ty! 91.0 91.0 90.5 88.5 
16.5 17.4 17.4 18.7 
Panel Surface Corductance 

Btu per (Hr) (Sq Ft) 

1 

(F Deg) = ————....eeeeeeees ho 1.98 1.94 1.86 1.75 

th — MET 


a Avg. of 2 readings » Avg. of 4 readings c¢ Avg. of 7 readings 4See text 
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seven thermocouples, and the surface temperature (for the test conditions of 
output and mean effective room temperature) as determined from the charts. 

Fig. 3 compares the computed and tested panel output. Deviation of measure- 
ments from the values of the chart was of equal magnitude for both ceilings 
and floors. Floor as well as ceiling tests are plotted in Fig. 3. Figs. 7 and 8 
show more specifically the deviation of the individual test points from the | 
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Fic. 7. FLooR PANEL OUTPUT TEST 


graphs. Fig. 7 is an enlargement of Fig. 1; Fig. 8 is an enlargement of a 
similar graph showing the ceiling output. 

Depending on panel location the test results were indicated by circles, squares 
or triangles and the calculated heat output by crosses. The straight lines 
connecting test and calculated results indicate their deviation. It may be seen 
that the average deviations of the test panel output from the chart result in 
+3 percent. The average deviation in ceiling panels (Fig. 8) is the same. 
In both figures the hourly output of 1 sq ft of panel area (Q,) is plotted against 

ta te 
the mean effective temperature, MET = ‘i 


CONCLUSION 


Within the range of common room temperatures 161 tests were performed. 
With panel outputs varied from 27 to 125 Btu per sq ft (panel) (hr) the 
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tests indicated close agreement between test readings and panel design charts 
for floor and ceiling systems such as shown in Fig. 1. The maximum devia- 
tion from the predicted panel output was 10 percent, the average deviation 
was about 3 percent. The magnitude of this deviation was not related to the 
position of the panel, whether ceiling or floor, nor to the proximity of cold 
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Fic. 8. CEILING PANEL OUTPUT TEST 


DISCUSSION 


Y. S. Toutouk1an, Lafayette, Ind.: Mr. Vanderweil mentioned that in preliminary 
tests back losses were determined and found to be of the order of 3 percent. There- 
fore, he arrived at the net input to the test panel by multiplying in all cases the 
actual watts input by 0.97. I should like to inquire if this value of 3 percent is an 
average value for the entire range of panel surface temperatures covered in the 
tests or only for a particular panel surface temperature. I believe there is good 
reason to expect that the heat losses would be proportional to the panel tempera- 
ture and therefore their magnitude would not be fixed but would vary with the panel 
surface temperature used. 


G. L. Tuve, Cleveland, Ohio: It is hoped that the authors will give further infor- 
mation about the average or mean feet temperature in regard to the determination 
of that in various tests. 


C. M. Humpnreys, Cleveland, Ohio: May I interject one more possible comment 
here? It seems to me that the convection effect off of a large panel may be a very 
important factor in its total heat capacity. 
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I believe that the convection effect had been or may have been minimized by the 
one square foot panel. In fact, from one of cuts it would appear that the panel had 
a little skirting around it which would further minimize that convection effect. 

1 wonder what the authors might comment on that. 


P. S. Park, Jx., Pittsburgh, Pa.: After four years of radiant heating work, I 
am convinced that the major point of confusion is the difference between calcula- 
tion and test results and what actually takes place in buildings which are being 
lived in or are being worked in. There have been apparently none, or at least very 
few, complete buildings ever subjected to a very extensive radiant heating test, and 
Mr. Humphreys stressed a point that | would like to mention again. In a large 
test building which we operated approximately a year ago, we found out that the 
convection factor had been almost totally ignored in previous calculations, except 
for the natural convection formulae which Mr. Vanderweil mentioned as being very 
old ones developed by some individual whose name | am not familiar with. 

For example, we found that the output from a radiant heated floor can vary greatly 
even though all of the factors normally taken into consideration remained practically 
constant. In the case of two particular instances, outside air temperature, boiler 
water temperature, pipe size and spacing, average cold surface temperature, and 
floor surface temperature were almost identical and yet the heat output as recorded 
by accurate electrical devices increased nearly 50 percent as a result of an increase 
in wind velocity. Apparently the greater amount of infiltrating cold air moving 
across the floor surface, at a rate unnoticeable to the average human being, with- 
drew heat from the floor without increasing its temperature because of the cooling 
effect created. 

This heat transfer reaction is not at all unusual and takes place with most heat 
exchange equipment. It is well known that the surface temperature of a heat 
exchanger tube, having a hot fluid on the inside and a cold fluid (gas or liquid) on 
the outside, will vary with the temperature of the cold fluid if the hot fluid tempera- 
ture remains constant. This can be very simply illustrated by filling a pan or kettle 
with cold water, pasting a postage stamp on the underside exposed to the flame, and 
placing the kettle or pan over an open gas flame. While the water is relatively 
cold, the stamp should remain unaffected, but as the water approaches boiling the 
stamp will begin to char. 

Though the one square foot panel tested by the authors was skirted or protected 
with reflective insulation around the perimeter, | am sure that the normal convec- 
tion conditions were disturbed as well as the radiation conditions, particularly if the 
reflective insulation faced the heating surface. The effect of shielding the surface 
from normal convection currents appears obvious, although the magnitude of error 
introduced by re-radiation from the reflective material would be difficult to estimate. 
I believe, however, that if possible, the authors should explain the effect of these 
abnormal conditions. 


Avutuors’ CLosure: In answer to Mr. Park and Mr. Humphreys: We were inter- 
ested in observing the effect of convection at different locations, and obtained a 
chemical which produced a smoke effect. Some cases indicated a considerable air 
movement, and some showed little air movement. The results from both types of 
conditions, calculated the same way, are indicated on Fig. 3, and it is obvious that 
our results are within ten percent of the calculated heat output regardless of the 
degree of convection currents met with in this test. 

It is understood that if comfort conditions are required in the winter with windows 
open, or with a high rate of air change, convection effect might be an extremely 
important factor, and this method of solution would not apply. For normal cases, 
however, where convection currents are moderate, there should be little effect. 

The use of a small test panel in this case is proper, since any individual square 
foot of a large panel behaves independently of every other square foot of the same 
panel. The total heat output of a large panel is the sum of the outputs of all the 
parts, if each part is calculated individually. This has been confirmed by other tests 
run on large panels. Wide variations in MET for similar surface temperatures, and 
wide variations in surface temperatures for similar MET, are indicated on Fig. 7. 

The reflective skirt around the test panel insured against the excessive convection 
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currents over the edge of the panel, so that it would more closely approximate a 
small section of a large panel. The angle of reflection was such as to have a 
negligible effect, since radiant heat acts precisely as light, and only those surfaces 
which the panel faced had effect on the panel. 

In answer to Mr. Touloukian, may we point out that the resistance of the sugar- 
cane fiber board plus the rock-wool insulation plus the rear surface co-efficient varied 
for all conditions of test. The rear surface output, checked by test, for a given sur- 
face temperature in a given MET and a given position varied only from 2.5 to 3.5 
percent of the input to the panel. Since three to ten percent variations occurred 
elsewhere, due to convection currents, etc., we believe this 3 percent figure suff- 
ciently accurate. ¢ 

Losses to the rear of the panel were calculated, and were tested for various panel 
temperatures. This check was a mere matter of routine since thermocouples were 
embedded in the panels. Due to the heavy insulation layer at the back of the panel, 
we found only small changes in the percentage of the losses even with wide varia- 
tion of panel temperatures, and it was safe to assume an average loss of 3 percent. 
This assumption may be considered correct with half a percent either way of the 
total input. 

Professor Tuve brought up the question of inertia. In this connection it might be 
worth while to mention one of my early errors in judgment. I hoped we could use 
a concrete floor panel similar to that used in actual buildings and we built a test 
slab about 2% in. heavy, but due to the heat lag of this panel, the test results were 
detrimental. We had to wait until our surface had reached temperature equilibrium. 
A change of current density was reflected in a changed and constant surface tem- 
perature only many hours later. 

Then again with equilibrium of panel input the MET itself changed considerably 
from eight o’clock in the morning to four o’clock in the afternoon, and at no time 
was the panel surface temperature affected accordingly. It was practically constant. 

We soon replaced this panel by a lighter one and then finally could achieve equili- 
brium in feasible periods of time. We would start operating in the early morning 
and half an hour later would have equilibrium conditions. Getting equilibrium soon 
after turning on the heat supply enabled us finally to make the test and run the 
panel during the day at possibly six different temperatures. 

The MET calculation for our test necessarily varied from the method we would . 
have used when calculating and testing a large panel covering the entire ceiling 
or floor area. Actually, we measured a small section of this large panel at one time 
and repeated this process for other sections of the large panel. When we took these 
tests on small sections of an imaginary large panel, we put ourselves in the place 
of the panel and tried to imagine what the panel would see, i.e., the temperatures 
opposing the panel section. 

On the basis of that, the MET of the various surfaces was estimated. Since this 
estimate affects only the radiant part of the heat transfer, we felt confident that it 
was sufficiently accurate. Also, the magnitude of change of temperatures of surfaces 
opposed to the small panel section is considerably greater than that of surfaces 
opposed to large panels, and our findings must be considered more accurate when 
applied to full size panels. 

From the illustrations shown, it is apparent that all room surface temperatures 
were measured by thermocouples. From these we obtained actual surface tempera- 
tures and could have closely computed and checked the room heat losses. However, 
I do not believe that the heat loss calculations should enter at all in this test. The 
less reliance on calculations, the more valid the test; hence losses were not figured, 
but rather the surface temperatures of the room and the temperature of the air 
surrounding the panel were measured. The latter was measured with a thermo- 
couple that could be moved to various locations and elevations within the room. 
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AIR TEMPERATURE GRADIENTS IN A 
PANEL HEATED ROOM? 


By J. M. Ayres* anp B. W. Levy**, LaFayette, INp. 


HE development of radiant panel heating has greatly increased the interest 

in the floor to ceiling air temperature gradients in a panel heated room. 
A survey of the literature has disclosed a number of articles in which tempera- 
ture gradients are described, but none in which substantiating data, taken 
under precisely-controlled operating conditions, are included. In order to pro- 
vide accurate, fully documented data on air temperature gradients as a function 
of lead and of panel position (such as floor, wall, ceiling), the present investi- 
gation was made. 

The data for this paper were obtained in the five room residential-type panel 
heating and cooling laboratory located on the Housing Research Campus of 
Purdue University. This house has been fully described in an earlier publi- 
cation ;! consequently, only equipment utilized in these tests will be discussed. 
A winter view of the building is shown in Fig. 1. 

All of the tests were performed in the living room which is in the southeast 
corner of the house. A control system was employed wherein return water 
from the panels was blended with a fixed temperature boiler water to obtain 
the desired supply water temperature. The three way mixing valve was actuated 
by a temperature sensitive element at the discharge, the setting of which was 
reset, through relays, by a modulating room thermostat. The thermostat was 
located in the test room at the five foot air level and is visible at the right of 
Fig. 2. Previous investigations demonstrated that this control system was the 
most effective for maintaining constant room air temperatures. 

In view of the difficulty of measuring air infiltration rates, it was decided to 
positively introduce outside air into the room and allow it to escape through 


+A report resulting from a research project on panel heating being conducted at Purdue Univer- 
sity under a grant from the Copper and Brass Research Association; this paper was prepared in 
cooperation with the Housing Research Foundation: G. Stanley Meikle, Research Director; Carl 

Boester, Housing Executive. 

* Graduate Research Assistant, School of Mechanical Engineering, Purdue University. 

** Graduate Teaching Assistant, School of Mechanical Engineering, Purdue University. 

1 Response and Lag in the Control of Panel Heating Systems, by F. W. Hutchinson. (A.S.H.V.E. 
Transactions, Vol. 53, 1947, p. 157.) 

Presented at the 54th Annual Meeting of the American Society or HeatInG AND VENTILATING 
Enocineers, New York, N. Y., February 1948. 
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Fic. 3. Arr Suppty Fan 


one unsealed door. A constant speed fan was enclosed in an aluminum painted 
box, and the flow rate was adjusted by positioning the damper, shown in Fig. 3. 
A five inch diameter galvanized iron duct channelled air to a plenum chamber, 
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and from there it was introduced into the test room through a grille. The 
three-ply wooden plenum is visible at the right of Fig. 3. 

The apparatus used to measure the air temperature gradients is shown in 
Fig. 2. It consisted primarily of a stand extending from floor to ceiling on 
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Fic. 5. Atk TEMPERATURE GRADIENTS—FLOOR PANEL 
HEATING 


which were located a series of 14 copper-constantan thermocouples. Stiff wires 
were attached to the stand, and the thermocouples were mounted along these 
in such a way as to allow the actual thermocouple junction to project freely 
into the air at each point. In order to measure steeper gradients near the 
floor and ceiling, thermocouples were placed along the stand with greater fre- 
quency near these surfaces than near the mid-way point. The first and last 
of these 14 thermocouples were an inch below the ceiling and above the floor, 
respectively. In addition to these, at the floor and ceiling one thermocouple 
was placed directly on the surface and covered with masking tape while another 
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was fixed with the junction 1/16 in. off the surface. In order to protect these 
latter two thermocouples from radiation, they were placed over a square of 
bright, metallic foil-covered paper which was taped to the surface, the reflecting 
side away from the thermocouple junctions. Similarly, to protect the remain- 
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Fic. 7. Air TEMPERATURE GRADIENTS—EXTERIOR WALL PANEL HEATING 


ing air thermocouples against radiation from the warm panels, small shields 
of foil-covered paper were affixed to the stiff wires so as to cover the thermo- 
couples on one side. These radiation shields were attached in a manner which 
would allow them to be turned in order to protect the thermocouples from 
whichever panel might be in use. All the thermocouple leads terminated at 
a master thermocouple board in the control room. A small section of this board, 
in addition to the two 16-point, electronic recording potentiometers used, and 
an outside air temperature recorder, may be seen in Fig. 4. 
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Upon consideration of the possible variables involved which could affect the 
air temperature gradients, it was assumed that the gradient depended on the 
heating load, the location of the panel, and the ventilation rate. Since the 
control system previously described operated to maintain an essentially constant 
inside temperature at all loads, the heating load was a function primarily of 
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Fic. 8. Air TEMPERATURE GRADIENTS—INTERIOR WALL PANEL HEATING 


outside temperature. The panel used for heating was a matter of choice since 
ceiling, floor, exterior walls, and interior partitions panels were available. It 
was decided to maintain a fixed ventilation rate of 1.4 air changes per hour 
and to measure the gradients with each of three outside temperatures—a total 
of 12 tests. The tests were run as closely as possible to outside temperatures 
of 15 F, 30 F, and 45 F, corresponding to a rather heavy, moderate, and light 
load for this locality. Due to a mechanical difficulty with the gas pilot on 
the boiler, a temporary shutdown during part of the heavy load period of the 
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heating season was necessary. This prevented the test run for the floor panel 
at the 15 F condition. 

All other factors concerned with the operation of the panels were main- 
tained constant during all tests. The boiler water temperature was maintained 
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Fic. 9. Typicat VeLocity Distrisu- 
TION—CEILING PANEL HEATING 


at 140 F, and the water flow through the panel in use was set at one gallon 
per min. One of the flow meters used to set the flow, in this case for the floor 
panel, may be seen in the center of Fig. 2. 

To assure equilibrium, the panel to be used was put into operation and fixed 
test conditions set at least 24 hours prior to the time data were recorded. A 
continuous record on the potentiometers was then begun of the air gradient 
temperatures as well as other pertinent temperatures such as outside tempera- 
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ture, various water temperatures in the system, and the temperature of the air 
entering the room. Each temperature was recorded once every four minutes. 
Preliminary investigations revealed that solar radiation distorted the gradi- 
ents during the day and early evening. In order to avoid this effect com- 
pletely, data were always taken (from the continuous records) during the early 
morning hours such as 3 to 5 a.m. These hours were usually during periods 
of the most constant (and lowest) outside temperatures so that perfect equili- 
brium was very nearly approached. In all cases, two sets of temperature data 
were taken from the charts, and in most cases the complete 48 hour test was 
duplicated at least once, in order to substantiate the results presented herein. 


Even though the room thermostat was set at 67 F, control was often main- 
tained at a slightly higher temperature. Since these tests are not particularly 
concerned with accurate control, this deviation was unimportant; when plotted, 
all temperatures were shifted sufficiently to place the five foot level tempera- 
ture at 67 F in each case. 

The data for all tests were taken as described, and resulting temperatures 
were plotted against height from the floor. The curves are shown for each 
panel location at the various outside temperatures in Figs. 5, 6, 7, and 8. As 
can be seen, the curves for each panel location have a characteristic shape 
even though the difference in temperature between air near the floor and ceil- 
ing becomes smaller as the load decreases. 

Several of the curves show dotted portions near the floor. In these cases, 
the curves are accurate down to the last temperature of air near the floor, 
but due to a faulty thermocouple used in the early tests, the floor surface 
temperatures measured were inaccurate. The dotted portions shown represent 
the probable continuation of the curves based on experience from later, accurate 
tests at other loads. 

During the heating season over which these temperature measurements were 
made, several measurements of air velocity between floor and ceiling were taken. 
The instrument used for these measurements was the thermal anemometer which 
can be seen in Fig. 2, located to the right of the thermocouple stand. These 
investigations at several conditions generally showed slightly higher velocities 
near the floor than near the ceiling. The velocities measured were always 
between 15 fpm and 30 fpm. A typical velocity gradient from floor to ceiling 
is shown in Fig. 9. Based on the brief investigations made, the velocity 
measurements did not indicate an adequate explanation for the temperature 
gradients except for the irregularities in the gradients near the floor. The 
velocity investigations, however, were by no means exhaustive, and the results 
should not be taken as final and general. 

The curves indicate certain definite characteristics for this structure under 
the conditions which apply. For example, the unheated floor surface tem- 
peratures are always higher than the air temperature above the surface. On 
the other hand, the unheated ceiling surface temperatures are usually lower 
than the air temperatures immediately below. An explanation of these curve 
shapes near the floor and ceiling is possible if a heat balance is made on a 
section of the surface considered. For example, the ceiling gradients show 
a higher floor temperature than air temperature directly above the floor. There 
are three paths of heat flow involved at the floor: a. heat flows to the floor 
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by direct radiation from the warm ceiling; b. heat flows from the surface by 
conduction through the floor slab to the cooler ground below; and c. heat flows 
from the floor by convection to the air above. If the heat lost by conduction 
were greater than that lost to the slowly moving air above the floor, there 
would be a net heat flow downward, with the result that even though the sur- 
face was warmer than the air directly above it, heat would be lost through 
the floor. This prediction was born out by experiment and calculation. 


With the ceiling panel heating at a medium load, the radiant energy transfer 
to a small area below the center of the ceiling coil area was calculated to be 
5.4 Btu per hr per sq ft. By an approximate calculation, assuming free con- 
vection conditions, the transfer to the air was found to be 0.9 Btu per hr per 
sq ft. Using a thermopile heat meter, the net heat flow from this area of the 
floor was found to be downward from the surface at a rate of 4.1 Btu per hr 
per sq ft. This gives a total dissipation of heat from the floor of 5.9 Btu per 
hr per sq ft as compared to 5.4 Btu per hr per sq ft received, or a balance 
within 10 percent. Similar reasoning can be applied to rationally explain 
gradient shapes at the ceiling. 


SUMMARY 


The results of this investigation indicate that floor panel operation caused 
uniform air temperatures within 4% F between one foot above and below the 
floor and ceiling respectively; this uniformity was maintained independent of 
load. The ceiling panel gradient, however, shows a maximum variation of 
8 F between the same points and a minimum variation of 4.5 F, the variation 
increasing with load. Air temperature gradients for exterior and interior 
panel operation exhibited almost identical curves and were an approximate 
mean between the floor and ceiling gradient shapes. Since these investiga- 
tions concern only one structure, further tests of the same type in buildings 
of different construction and under different loading conditions would prove 
of interest. 
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DISCUSSION 


P. R. Acuensacu, Washington, D. C.: I would like to inquire whether the room 
was considered comfortable at the 67 deg temperature at the 5-ft level, and further- 
more, exactly where the stands supporting the thermocouples were located, and 
whether other observations of temperature gradients were taken near the walls. 

I believe such additional gradients may throw some light on the convection currents 
and the degree to which cold air streams coming down the wall would pass over 
the floor and provide additional convection from the wall. 


W. M. Wat ace, II, Durham, N. C.: I notice Fig. 9 shows the velocity in fpm 
varying around 20 or 25 fpm. I wonder how it was measured. 


R. S. Leicu, Waterbury, Conn.: Referring to Figs. 5 and 6, the air temperature 
gradients for floor panel heating (with a condition of 31 F outside and 41 F outside 
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which may be called comparable to the ceiling panel heating temperatures of 2714 F 
outside and 421% F outside) are shown for each panel temperature. 

For the 42% F outside condition, ceiling panel heating, there is an apparent 
ceiling surface temperature of about 80 F and with 27% F outside, there is an 
apparent ceiling surface temperature of about 81 F. Then, for the floor panel, for 
41 F outside, about 70 F floor surface temperature is obtained and for 31 F out- 
side about 74.5 F. 

My question is: Where does the heat come from that is heating the room in the 
floor panel tests? The apparent temperature difference is 3 deg with 41 F out- 
side and roughly 7 deg difference with a 31 F temperature. outside condition. 

Those are both floor panels. In the ceiling panel condition, we have a 13 or 14 
deg temperature difference. 

Tests by several investigators have shown the accuracy of the following resultant 
panel heat outputs for the several conditions noted 


| HEATING OPPOSITE RESULTANT PANEL*® 
Pan | R A 
31.0 Floor | 67.0. 74.5 67.0 12.7 
41.0 Floor | 67.0 70.0 67.5 4.2 
27.5 Ceiling | 67.2 81.0 67.0 18.8 
42.5 | Ceiling | 67.5 80.0 67.5 16.6 


a Calculated in accordance with accepted methods using formulae of Stefan Boltzman, and Nusselt; 
these methods have also been checked by test and found to be correct within + 3 percent. 


I do not believe that the floor panel surface temperature required to heat the room 
to 67 F has been obtained in these tests, and consequently | do not believe Fig. 5 
represents a true picture of air temperature gradients, for floor panel heating. A 
test of this nature run in a carefully controlled and thermally isolated test room 
might indicate, with greater validity, the actual air temperature gradiations for 
various methods of panel heating. 


J. G. Lewis, Kansas City, Mo.: I would like to know if there has been any con- 
sideration given to the density of the concrete floors or the density of the ceilings. 
In other words, you would get a better flow of heat from a good strong concrete 
or from a good firm plastering, especially concrete which probably has the proper 
gradient to transfer that heat. I am referring to the results that they find after 
this research is made. In other words, the one foot square panel: do they know as 
to the density and how rich a concrete slab that it is taken from? 


AvutuHors’ Ciosure: In reply to Mr. Achenbach’s question, the test stand was 
located approximately in the center of the 17 feet by 20 feet test room. No tests 
were made to determine the air temperature gradients near the walls, but more 
recent tests in a five-foot cubicle provided with controlled ventilation and ceiling 
panel allowed a partial investigation into this question. A portable test stand was 
moved to within 1 foot from the walls without causing any appreciable change in 
temperature gradient. 

A comfort investigation was not conducted during these tests, but those of us 
who worked in the test room were, indeed, very comfortable with the air tem- 
perature at 67 F. 

In answer to Mr. Wallace’s question, the velocities shown in Fig. 9 were obtained 
by means of a thermo-anemometer developed by Dr. Yaglou of Harvard University 
and operated as per instructions supplied. 

The thermocouples on the test stand were shielded with a metallic foil on one side 
only (see Fig. 2). However, the shields were rotated to face the panel in opera- 
tion in each case, and the unshielded portion of the thermocouples faced surfaces 
which were approximately at room air temperature. This was true for all tests 
except the interior wall panel tests where the unshielded portion of the thermo- 
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couples faced the cold window; the shape factor of the window with respect to the 
thermocouple was small and the resultant error was negligible. 

Mr. Leigh’s comments imply that equilibrium conditions were not achieved dur- 
ing the floor panel tests. Actually, the establishment of equilibrium conditions was 
a major objective in the conduct of these tests. As stated in the paper, the panels 
were operated for 24 hours prior to the time data were taken, and an all night 
test was made in each case in order to take the data during the hours when the 
outside air temperature was relatively constant, A continuous record was made of 
various temperatures throughout the house and no data were recorded until all tem- 
peratures were constant for several hours. Therefore, there is no question that the 
panels were dissipating sufficient energy to maintain an air temperature of 67 F. 

The main purpose of the tests was to determine the microscopic floor-to-ceiling 
temperature variations within the panel heated test room. It was not to conduct a 
detailed investigation of the temperature variations at the surfaces and within the 
convective films near the floor and ceiling. As indicated in the paper, the last thermo- 
couple that projected freely into the air was located 1 inch from the floor and 
ceiling surfaces. The next thermocouple was mounted on a sheet of metallic foil 
covered paper which was, in turn, mounted upon the surface thermocouple that was 
fastened to the floor and ceiling with masking tape. The last two thermocouples 
only served the purpose of providing information on the general air temperature 
variations near the surface. 

I might also point out that the surface temperatures presented are indicative of 
a point measurement which varies over the surface due to the location of the water 
pipes and the temperature drop in the heating water. Variations of 10 F or more 
have been recorded between surface temperatures directly over the water pipes and 
in between water pipes. Depending upon the load, the temperature drop of the water 
in passing through the panels has been as much as 10 to 15 F. With such wide 
point-to-point variations over the floor it is evident that a computation of panel out- 
put based upon the data presented herein would be misleading. 

As stated in the paper the results presented were duplicated at least once. The 
data were taken under precisely controlled conditions and there is little doubt in 


the minds of the authors that the curves presented are a valid conclusion to the 
project undertaken. 
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PERIODIC HEAT TRANSFER AT THE INNER 
SURFACE OF A HOMOGENEOUS WALL 


By Harotp A. Jonnson*, BERKELEY, CALIF. 


ETHODS of periodic heat transfer analysis to predict the summer cooling 
load for homogeneous single material building walls have been presented 
in several previous papers!-*. To facilitate the general application of these 
mathematical solutions, the results are usually presented in graphical or tabular 
form including a range of values for the thickness, thermal conductivity, specific 


heat, and density of the wall material. 

The results, which are referred to here as analytical data and which are 
the inner wall surface temperature amplitude decrement and time or phase lag 
values, have been limited to particular values of the building wall heat transfer 
coefficients (film coefficients). For these coefficients Mackey and Wright* 5 
used fixed values of 4.00 and 1.65 Btu per (sq ft) (hr) (F deg) at the outer 
and inner wall surfaces respectively. The purpose then is to extend these ana- 
lytical data and to present the results in graphical form so that the heat trans- 
fer (film) coefficients at both wall surfaces, as well as the thermal properties 
of the wall material, become generalized parameters. 

The equations and a computation form for evaluation of the data were 
developed from an unpublished mathematical derivation by Austin Bryant’. The 
derivation given by Alford, Ryan, and Urban’, however, will suffice as the 
closed form of solution obtained is the same, differing only in the use of dimen- 
sionless moduli containing the problem parameters. 

The letter symbols used in this paper are as follows: 


a = thermal diffusivity of the wall material, k/cw, square feet per hour. 
c = specific heat of the wall material, Btu per (pound) (Fahrenheit degree). 
f = functional quantity defined by Equation 7, dimensionless. 
g = functional quantity defined by Equation 8, dimensionless. 


* Associate Professor of Mechanical Engineering, University of California. 

1 Exponent numerals refer to References. 

Presented at the 54th Annual Meeting of the American Society orf HEATING AND VENTILATING 
Enoineers, New York, N. Y., February 1948 
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h = air ~ heat transfer coefficient, Btu per (square foot) (hour) (Fahrenheit 
degree). 

thermal conductivity of the wall material, Btu per (square foot) (hour) 
(Fahrenheit degree per foot). 


m = temperature harmonic phase lag angle, (see Equation 6) degrees. 
q = heat transfer rate per unit of area, Btu per (square foot) (hour). 
t = temperature, Fahrenheit. 
w 
x 


= specific weight of the wall material, pounds per cubic foot. 
= distance through the wall in the direction of heat flow, feet. 
Bon = plate or wall modulus, dimensionless, = L1/xn/a6o. 
Don = air film modulus at outer surface x = 0, dimensionless, = Bon k/Lho. 
Din = air film modulus at inner surface x = L, dimensionless, = Bon k/Lhx. 
L = plate or wall thickness, feet. 
M = temperature harmonic amplitude decrement, dimensionless, see Equation 5. 


1 
U = overall heat transfer coefficient, = 1 , L , 
ho k 
foot) (hour) (Fahrenheit degree per foot). 
@ = air temperature harmonic phase angle, degrees. 
@ = time measured through 24 hours from noon zero, hours. 
period of the fundamental or first harmonic, 24 hours. 


? = designates a functional relation. 


1 Btu per (square 
hi 


= 
6 


@ = harmonic frequency, cycles per hour. 


Subscripts when used with letter symbols indicate the following: 


a = designates the outdoor air temperature. 

ec = designates the indoor air temperature. 

o = designates the fundamental or first harmonic period where applied to the 
time symbol 5 and the plate modulus Bo. 


o = refers to conditions at the outer (x = 0) wall surface in all other cases. 
L = refers to conditions at the inner (x = L) wall surface. 

m = designates a mean value. 

m = designates a harmonic amplitude value. 


n = refers to the number of the Fourier analysis harmonic, n = 1 for the 
fundamental or first harmonic. 


s = refers to the equivalent or solair temperature defined by Equation lea. 


These quantities are familiar except for the dimensionless B and D moduli 
defined by the relations as shown. It may be helpful to note that the plate 
modulus is a modified form of the Fourier modulus, Fo=a6,/L?, the relation 


being 
Bon = Vv n/Fo 


also that the film modulus combines the Biot modulus, Bi=Lh/k, and the 
Fourier modulus in the form 


1 1 
L on (Bi)o Fo and Dia (Bi Fo 
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Periopic HEAT TRANSFER AT SURFACE OF HOMOGENEOUS WALL, JOHNSON 


ANALYTICAL RESULTS FoR Periopic HEAT FLow 


The analytical solution represents a wall of single homogeneous material 
construction subjected to the known periodic outdoor air temperature, expressed 
as a Fourier Series. 


te = tam + ann 05 (on fan) 


n=1 
and a constant indoor temperature. 


The differential equation for heat conduction, dt/d@=ad?t/dx?, is solved 
for the conditions given by Equations 1 and 2 assuming that the heat transfer 
coefficients and wall thermal properties are independent of temperature varia- 
tion. For these conditions the resulting solution for the inner wall surface 
temperature and heat transfer rate are expressed by 


n 
J 
iL = tam +(1 tem + tamm cos — Gan — ™Ln) . (3) 


n=1 
and 
n 
U(tam —tem) + AL tamn Min cos(wn9 — Gan —™Ln) (4) 
where 
Din _ sin MLn 
Min = 91 (Bon, Don, Din) = Vinten = Din oe see Figs. land 2. (5) 
MLn = (Bon, Don, Din) tan—! gn/fr see Fig. 3 (6) 


fn _ (Don + Don) cosh Bon cos Bon 

+ % (sinh Bon cos Bon + cosh Bon sin Bon ) 

+ Don (sinh Bon cos Bon — cosh Bon sin Bon) (7) 
gn = (Don + Din) sinh Bon sin Bon 

-\% (sinh Bon cos Bon —_ cosh Bon sin Bon) 

Don Din (sinh Bon cos Bon + cosh Bon sin Bon) (8) 


The temperature amplitude decrement, M,,, and phase lag angle, m,,, are 
obtained from Figs. 1, 2 and 3 using linear interpolation for values of Dy». 
The data presented in Figs. 1, 2, and 3, for the amplitude decrements and phase 
lag were evaluated by computation of Equations 5 and 6, using a form like 
that shown in Table 1. 

The results for a sample of data computed with this form and also obtained 
by direct reading and linear interpolation from Figs. 1, 2, and 3 are summar- 
ized in Table 2. It is also interesting to note that if the heat capacity of the 
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wall were neglected, i.e. using steady flow methods of calculation, these results 
reduce to the simple relations: 


AL Don + Bon 
Dia Din 


— and = 0 
+1 


Mia = 


As indicated in Table 2, to obtain an accuracy of better than about five 
percent these values must be calculated directly from Equations 5 and 6, using 
the computation form, Table 1. The procedure is illustrated by an example 
which includes the effect of solar and sky radiation. 

Inspection of Equations 1, 2, 3, and 4 will show that all terms containing the 
mean values of air temperature, f,,, and t,,,, express well-known steady or con- 
stant heat transfer relations and that the remaining terms are superimposed 
periodic components. This superposition principle also applies to permit the 
use of the same form of solution for effects of solar and sky radiant energy 
exchange. The procedure followed is to calculate a pseudo or equivalent out- 
door air temperature which corresponds to a known rate of radiant energy 
absorption on the outer wall surface. When added to the actual outdoor air 
temperature throughout the time of day, a second pseudo temperature variation 
results which replaces the actual temperature represented by Equation 1. 
Appropriately called the sol-air temperature by Mackey and Wright‘, the defi- 
nition and a brief description are given. The reader, however, is referred to 
references 3, 4, 7, and 9 for illustrations of methods used in its evaluation. 

For radiant energy exchange, Equation 1 is thus replaced by the sol-air 
temperature 


ts = ta + (@Go + AR) = tom + £05 — 


and Equations 3 and 4 become 


n 
i= = tm +{ 1 tem tsun MLn cos (wn8—sn—mLn) . . (3a) 
AL Av 
n=1 
n 


qu = U (tsm — tem) + AL Min cos (wn? —@sn—mLn) . (4a) 


Here the radiant energy quantities of Equation 1a are: 


Go = combined solar and sky radiation incident upon the outer wall surface 
from sunrise to sunset, Btu per (square foot) (hour). Data for this are 
given in the HEATING, VENTILATING, AtR CONDITIONING GUIDE, 1947, 
p. 278. 
« = absorptivity of the outer wall surface for solar radiation. 


AR = radiant energy exchange between the sky and outer wall surface from 
sunset to sunrise which is approximated by the relation 


0.173 X 10-Se F (Tes‘— To‘), Btu per (sq ft) (hr). (9) 


AR 


“9 
| 
n=1 
n=l 
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where 


F 


the outer wall surface low temperature emissivity. 


the wall to sky shape factor (unity for a horizontal surface and one-half 
for a vertical surface.) 


Tes = the effective nocturnal sky absolute temperature, (—60 F for a clear sky.®) 


To = outer surface wall absolute temperature, [may be approximated at the 
mean outdoor air temperature Tam = tam Fahrenheit + 460]. 


It is also understood that the outer wall surface heat transfer (film) coeffi- 
cient h, will include the low temperature radiation h, 1.3 Btu per (sq ft) 
(hr) (F deg)’. The latter approximates the radiant energy exchange between 
the wall surface and surroundings other than the sky which are considered to 
be at the outdoor air temperature, ¢,. 

From this it is seen that the sol-air temperature correctly accounts for radiant 
energy effects only if the radiant energy absorbed by the wall can be correctly 
evaluated, and the method given here is at best an approximation. 


ILLUSTRATIVE EXAMPLE 


To demonstrate the use of the equations and charts it will be convenient to 
use the Mackey and Wright example? in which the sol-air temperature is 
given as 

+ 28cos (156 — 51) 


n + 9.1 cos (306 — 92) 

ts = tam + toun cos (on0—fan) = 91.6 — 200)... (10) 
n=1 + 1.0 cos 
+ 0.93 cos (906 — 68) 


This temperature variation (see Fig. 4) corresponds to conditions for an 
unshaded west wall with a solar absorptivity of 0.7. The wall is of homogeneous 
red brick construction having the properties: 


= 8 in. = 0.667 ft 

Thermal conductivity, &........= 5 Btu per (sq ft) (hr) (F deg per in.) = 0.416 
Btu per (sq ft) (hr) (F deg per ft). 

Volumetric specific heat, cw = 20 Btu per (cu ft) (F deg). 

Thermal diffusivity, a............ = k/cw = 0.416/20 = 2.08 X 10-? (sq ft) per hr. 


The inside air temperature is taken at 80 F and the heat transfer coefficients 
are: 


ho = 4.0 Btu per (sq ft) (hr) (F deg), kL = 1.65 Btu per (sq ft) (hr) (F deg). 


and 
+ 9-406 Btu per (sq ft) (hr) (F deg). 
No k hy 4.0 5 1.65 


Substitution into the defining relations for the three moduli reduce to: 


Bon = L Vxn/ao = 10.667 xn/0.0208 x 24 = 1.67 
Don = Bonk/Lho = 1.67 V nx 0.416 (0.667 x 4.00 = 0.261 Vn 
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Taste 1. CaLcuLaTION ForM FoR THE AMPLITUDE DECREMENT, M,,, AND 
THE PHASE LAG ANGLE, 
OPERATION® Bi=1.67 | B:=2.35 | Bs=2.89 | Be=3.34 | Bs=3.74 | Bo=4.09 
Bn deg 95.68 134.65 165.58 191.37 214.29 234.34 
ll sinh Bn 2.562 5.195 8.969 14.09 21.04 29.86 
12 cosh Bn 2.750 5.290 9.024 14.13 21.06 29.88 
13 sin By 0.9951 0.7114 0.2490 | —0.1972 | —0.5634 | —0.8125 
14 cos Bn —0.0990 | —0.7028 | —0.9685| -—0.9804 | -—0.8262 | —0.5829 
15 ll x 14 —0.2536 | —3.6510 | -—8.6865 | —13.814 | —17.383 | —17.405 
16 12 x 13 2.7365 3.7633 2.2470 | —2.7864 | —11.865 | —24.278 
17 12 x 14 —0.2722 | —3.7178 | —8.7397 | —13.853 | —17.400 | —17.417 
18 ll x 13 2.5494 3.6957 2.2333 | —2.7785 | —11.854 | —24.261 
19 15 + 16 2.4829 0.1123 | —6.4395 | —16.600 | —29.248 | —41.683 
20 15 — 16 —2.9901 | —7.4143 | —10.934 | —11.028 —5.5180 6.8730 
21 % x 19 1.2414 0.0562 | —3.2198 | -—8.300 | —14.624 | —20.842 
22 -% x 20 1.4950 3.7072 5.467 5.514 2.759 —3.436 
Don 0.261 0.368 0.451 0.522 0.584 0.639 
Dia 0.632 0.892 1.094 1.265 1.417 1.550 
23 Don X Din 0.1650 0.3282 0.4934 0.6603 0.8275 0.9904 
24 lion + Dia 0.893 1.260 1.545 1.787 2.001 2.189 
25 23 x 19 0.4097 0.0369 | —3.1772 | —10.961 | —23.375 | —41.283 
26 23 x 20 —0.4934 | —2.4334 | —5.3948]} —7.2818 | -—4.5661 6.8070 
27 24 x 17 —0.2431 | —4.6844 | —13.503 | —24.755 | —34.817 | —38.126 
28 24 x 18 2.2766 4.6566 3.4504 | —4.9652 | —23.720 | —53.107 
29 21 + 26 + 27 0.5049 | —7.0616 | —22.118 | —40.337 | —54.007 | —52.161 
30 22 + 25 + 28 4.1813 8.4007 5.7402 | —10.412 | —44.336 | —97.826 
31 30/29 8.2848 1.1896 0.2595 0.2581 0.8209 1.8755 
32 tan-! 31 83.12 130.05 165.45 194.47 219.38 241.94 
33 sin 32 0.9928 0.7654 0.2513 | —0.2499 | —0.6344 | —0.8824 
34 33/30 0.2374 0.0911 0.0438 0.0240 0.0143 0.0090 
Min Din X 34 0.150 0.081 0.048 0.030 0.020 0.014 
Mia 32 83 130 165 195 219 242 


a Operation items are numbered from 11 to 34 inclusive. 


Taste 2. Harmonic AMPLITUDE DECREMENTS AND LAG ANGLES FOR THE 
ILLUSTRATIVE EXAMPLE 


| Min? 

HARMONIC Bon Dia Don | CHART? Catce | | 
First (fundamental).| 1 1.67 0.632 0.261 0.145 0.150 83 83 
2.35 0.892 0.368 | 0.085 0.081 129 130 
i 3 2.89 1.094 | 0451 | 0.046 0.048 166 165 

4 3.34 1.265 | 0.522 0.029 0.030 193 195 

5 3.74 1417 | 0.584 0.021 0.020 218 219 

6 4.09 1.550 0.639 | 0.014 0.014 241 242 


2 Compare the steady flow amplitude decrement. 
0.406 


U 


Mig = — = —— = 0.246 for all values of x. 
AL 1.65 


b From Figs. 1, 2 and 3. 
¢ Calculated from Table 1. 


| 
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= Bonk/Lhi 


~) 
5 

| 


n = the number of the Fourier Series harmonic (n 


or first harmonic). 


= 1.67 V nx 0.416 /0.667 x 1.65 = 0.632 V n 
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= 1 for the fundamental 


For these moduli, the values of the temperature amplitude decrement M,, 
and lag angle M,» as obtained from Figs. 1, 2 and 3 and by calculation are 
tabulated in Table 2. The computation form illustrating the calculation pro- 


cedure has been given as Table 1. 


90 T 
MAXIMUM 
SOL-AIR TEMP. 

88 133,.2° F 
| 
WEST WALL SOL-AIR TEM2”—/ 

a } / | 
a 

BOf-WALL SURFACE —\ 
TEMP EQUATION 1! 

78-=~ 


TIME OF DAY - HOURS 


Fic. 4. SoL-AIR AND CALCULATED INNER WALL SURFACE 
TEMPERATURES 


Substitution of the calculated results from Table 2 into Equation 3a gives 


the inside surface temperature. 


n 


tem town Min (om — gan mtn) 
n=1 
n 
X 91.6 + ( 1- 80 + tsmn Min cos (wn9 — —™Ln) 
n=1 

= 82.8 + 3.45 cos (156—134) 
+ 0.74 cos (306 —222) 
+ 0.28 cos (456 —331) 
+ 0.11 cos (606— 52) 
+ 0.02 cos (756—151) 
+ 0.01 cos (900-310). ......... « 

Similarly, from Equation 4a, the inside surface heat transfer rate is 


gL = U (tsm — tem) + fsun-MLn cos (wn6 — mLn) 


n=! 


where 
140 
MAXIMUM 
SURFACE 
TEMP. 
| 
a 
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| 
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= 4.71 + 5.69 cos (156—134) 
+ 1.22 cos (300 —222) 
+ 0.46 cos (456-331) 
+ 0.18 cos (600— 52) 
+ 0.03 cos (756-151) 


The results as expressed by Equations 11 and 12 are plotted in Figs. 4 and 5 
from which are obtained the time lag of 4 hours and the maximum cooling 
rate of 11.9 Btu per (sq ft) (hr). In Reference 7 Mackey and Wright discuss 
this example in detail and show approximations for the time lag and cooling 
rate which do not require a plot of the Fourier Series. 


WALL SURFACE COOLING RATE e@Tu/sFT2uR 


_MEAN COOLING RATE 4.7 BTU/FT?HR > 
— EQUATION 12 
| 
| NOON PM 
2@ 2 4 6 6 0 


8 
TIME OF DAY - HOURS 


Fic. 5. CALCULATED INNER WALL SURFACE HEAT 
TRANSFER RATE 
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DISCUSSION 


Mr. Nuttey*, Gainesville, Fla.: First I would like to concur with the closing state- 
ments of the speaker that steady heat flow transfer does not give the same results 
as periodic heat transfer. But I think the method is too complex to be used by 
the application engineer. 

Though the measurement of periodic heat flow is very difficult, there has appeared 
in the literature an electrical analogy of solving this problem, and I would like to 
hear from any of the members here just what has happened in further work on this line. 


C. S. Leorotp, Philadelphia, Pa.: The engineer has difficulty solving some of his 
problems the right way but | believe we should learn to do so. 

1 have just finished a series of experiments using a hydraulic analogue, which 
indicate that even in an interior zone, with filament lights as the source of energy, 
the structure and the air will not come to equilibrium in an 8-hour day; and further, 
that if air is supplied to maintain a constant room air temperature, the structure 
and air will not reach equilibrium in an 8-hour day, or even in a succession of 
five 8-hour days. 

It should be emphasized that the discrepancy between the conventionally calculated 
load and the actual load which is affected by heat storage is of practical significance. 


P. R. AcHENBACH, Washington, D. C.: I would like to inquire about the 
determination of the period and amplitude of the sun’s radiant energy curve. Does 
that have to be determined for each latitude ? 

Do I understand that this paper referred to a south exposure wall? In dealing 
with a complete building, you must consider two or more walls simultaneously. 


G. L. Tuve: I notice the wall modulus is given as 4. I would like to know if the 
author has any practical examples of walls that would fall in this range. 

This matter of the inside wall surface temperature is closely related to control 
problems. I think that many times engineers are deceived on control problems 
because of the instrument readings that are taken. In our laboratory at Case, we 
recently had occasion to test an automatic control, and according to a thermometer 
the control was very sensitive, to a fraction of a degree. When we used a fine 
thermocouple, we found that the temperature was varying several degrees. The 
thermometer did not change with the rapid temperature variations. The selection 
and the application of instruments are important engineering probicms. 


AvutHor’s Crosure: I wish to present a rather academic picture to you, but would 
like to remind you first that this Society sponsored a series of tests on periodic 
heat transfer about 1932. Since that time, little has been done experimentally. 


* University of Florida. 


—— 
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Most of the work has been of analytical nature as summarized by Mackey and Wright, 
also sponsored by the Society, and appearing in THe Guie for 1946 and 1947. 
Revived interest in periodic heat transfer effects is, I believe, a result of the interest 
in panel heating control. 

The analyses which have been published have several restrictions because of the 
complexity of the problem. The solution which I will present here in slides is one 
of the simplest,—i.e., a homogeneous wall. ‘hus we are ignoring the composite wall, 
transmission through glass, and transient effects. We are assuming then that the 
— transfer is a steady state, i.e., each day is identical with the next throughout 

e year. 

In order to further the analytical study as experimental data become available, it 
should be noted that we lack information on what Mackey and Wright call the sol-air 
temperature, and I think we should make a serious effort to collect that information. 

I agree with Mr. Nultey’s criticism that the methods are too complex, and I cer- 
tainly would not be interested in calculating even the simplest wall. 

But I think you should appreciate that the information which we have, whereby 
we might compare analytical analysis with experimental measurements, cannot be 
evaluated because sufficient experimental work has not been done. Until we know 
that the analysis is satisfactory and that our thinking is correct in all particulars, 
I do not think we should be concerned with reducing these calculation procedures 
to the simplest types of tables which the practical engineer and the contractor 
must eventually have. 

As regards the range of the plate modulus, 0 to 4 referred to by Professor Tuve, 
it is a range selected to include all possible problems. For values greater than 4, 
you will observe that the amplitude factor is in the order of one or two percent, and 
that the lag angles for the value of plate modulus greater than 4 increase linearly 
at 57 deg for each unit increase of the plate modulus. The third and higher 
harmonics for actual purposes will have plate moduli values near 4. 

Mr. Achenbach asked about the period and amplitude of the radiant energy. In 
the first place, the radiant energy information which we have is reported by the 
Weather Bureau, taken from the pyrheliometer. Much remains to be done in this 
measurement. We hope at the University of California to measure the radiation 
with greater precision. We have two means of doing that now which are being 
investigated. 

For the present, however, we use the pyrheliometer data, which include radiation 
from the sun, and the diffused energy from the sky, substantially as reported in 
Tue Guipe. If we are going to analyze periodic heat flow through the several walls 
of a building, better measurements of radiation with the measuring devices, oriented 
around the compass, will be necessary. In this regard the sol-air temperature data 
referred to earlier show considerable promise. 

The transient phenomena referred to by Mr. Leopold are assumed to be of negligi- 
ble magnitude in the analytic solution. While his results, as obtained with the 
hydraulic analogue, indicate that this assumption may be invalid, other data are 
reported (see Reference 1) that support it. It is likely that the analogue represents a 
more complex system than is postulated for the analytic solution, and it is possible 
that the analytic method may prove deficient for such systems. 
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MEASUREMENTS OF SOLAR HEAT 
TRANSMISSION THROUGH FLAT GLASS 


By Georce V. PARMELEE*, WARREN W. AUBELE**, AND 
Ricuarp G. Huesscner***, CLEVELAND, On10 


This paper is the result of research carried on by the AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS, at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio 


INTRODUCTION 


i 1945 the A.S.H.V.E. Technical Advisory Committee on Glass} recom- 
mended to the Committee on Research that experimental measurements be 
made of the solar heat transmission characteristics of various types of glass 
and glass block. These measurements were to be made in sunlight and were 
to be subject to the usual vagaries of the weather. Following completion of 
these tests, the effectiveness of various standard shading devices in reducing 
solar heat gain through windows and glass block was to be studied. It is 
the purpose of these experiments to develop a body of physical data which can 
be related to readily-measured physical properties of glass and to solar and 
atmospheric conditions. From this information are to be developed design data 
for the many and varied circumstances where window glass and glass block 
are used. These range from homes, office buildings, factories, and solar heat 
collectors to air conditioned transportation facilities of the sea, land, and air. 

Most of the test work has been carried out with a specially designed and 
constructed calorimeter, which will be described only briefly in this report. 
Other methods, however, such as spectro-photometric and pyrheliometric trans- 


*Recearch Fellow, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

** Assistant Research Engineer, A.S.H.V.E. Research Laboratory. 

*** Research Engineer, A.S.H.V.E. Research Laboratory. 

+ Committee Personnel: R. A. Miller, Chairman; A. B. Algren, F. L. Bishop, Jr., J. E. Frazier, 
J. S. Herbert, E. H. Hobbie, L. K. Jones, C. O. Mackey, F. Preston, W. C. Randall, Vic Sanders, 
H. B. Vincent, G. B. Watkins. 

Presented at the 54th Annual Meeting of the American Sociery or HeatinG AND VENTILATING 
Enatneers, New York, N. Y., February, 1948. 
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mittance tests, have been freely used to obtain much needed primary and supple- 
mentary data. It is expected that new techniques may have to be developed 
to find suitable answers to some of the questions which the test work has 
already raised. 

The transmission of solar energy by glass and the conduction of heat to, 
from, and through glass involve many variables. Because they are of the most 
immediate interest, this paper will be chiefly concerned with the following: 


1. The relation between spectral transmission characteristics of various types of 
glass, angle of the incident ray, and solar energy transmission for both direct and 
diffuse radiation. 

2. Some examples of heat gain via glass as affected by temperature, atmospheric 
conditions, and solar radiation. 


This paper is restricted to a report of calorimeter tests made on single flat 
glass of four different types. Transmittance tests made by pyrheliometric 
methods for six types of glass and spectro-photometric data for four types are 
also reported. Some data, not reported, have been secured regarding the effects 
of solar energy distribution and of so-called nocturnal radiation. Since more 
data are needed to present a complete analysis of the problem, this paper mvt 
be considered as a progress report. As such, the findings presented may b* 
subject to future modifications or different interpretations. 


DESCRIPTION OF APPARATUS 
The Calorimeter 


The principal piece of equipment used in the tests was a calorimeter. This 
consisted of a frame for holding a 4 ft square sheet of glass and having an 
insulated blackened solar heat absorbing section attached to the back of the 
frame. In order that solar energy transmitted by the glass would be absorbed 
completely, the ratio of absorbing surface to window opening was made about 
4 to 1. Its shape was a simple geometrical figure which would dir: t the 
greater part of any radiation reflected from its surface to other parts of the 
surface to be absorbed rather than to direct it out through the glass. The 
window frame was 8 in. deep in order to accommodate multiple glazing, glass 
block panels, and inside shading devices. 

Fig. 1 clearly shows the calorimeter surface (made of aluminum) to which 
cooling tubes were brazed in continuous contact. The tube lay-out was designed 
to give as nearly as possible a uniform temperature throughout the absorbing 
surface. The shell was covered with a 2 in. layer of batt type insulation. To 
this was added from 3 to 9 in. of blanket insulation sufficient to completely fill 
the rectangular box which covered the back side of the shell. The calorimeter 
surface was given one coat of primer, one coat of flat black, and finally a 
coat of lampblack. 

A mixture of water and ethylene glycol was circulated through the cooling 
tubes. Fig. 2 shows the flow circuits in one of which a Freon-cooled heat 
exchanger was located. 

The calorimeter assembly was set in horizontal trunnions which were in 
turn mounted on a structural steel framework. It was, therefore, capable of 
rotation to face all parts of the compass, and could be tilted through 90 deg. 
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With the aid of the sun sight shown in Fig. 1, the window could be held at 
any desired angle with respect to the sun’s rays. The calorimeter was assembled 
on the roof of a specially built test house (see Fig. 3) located near the south 
end of the Laboratory property. In this position the window was 15 ft above 
ground and was at all times unshaded from the direct rays of the sun except 


Fic. 1. CLOSE UP VIEW OF CALORIMETER IN LOCATION 
FOR TEST 


to the northeast and northwest in the late spring and early summer. Weather 
instruments were mounted on the tower shown in Fig. 3. The test house con- 
tained the pumps, refrigeration apparatus, control, recording and measuring 
equipment. 


INSTRUMENTATION 


Temperature Measurements 


The temperature of the calorimeter surface was measured at 10 points by 
thermocouples cemented to, but electrically insulated from, the back side of 
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the calorimeter shell. These junctions were located % in. from the center- 
line of the tubes, which were spaced on 11% in. centers. 

The air temperature inside the calorimeter was measured by four thermo- 
couples 18 in. from the glass. Two were 12 in. above and two were 12 in. 
below the horizontal axis of the calorimeter. Each junction was shielded by 
two concentric aluminum foil cylinders 1 and 2 in. in diameter by 2 in. long. 
Each pair of cylinders was in turn shielded by a concentric semi-circular water- 


Water Temperature 


>< 


Rise Measured Here 


‘ Blackened Heat Absorbing Surface 
Gooled by Grid of Tubes 

Insulation 


Orifice 


Storage 
Tank 


Glass 


SCHEMATIC DIAGRAM 


Simulated OF COOLING SYSTEM 


Wol!l 


CALORIMETER USED TO MEASURE SOLAR HEAT 
TRANSMITTED BY SHADED AND UNSHADED GLASS 
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cooled shield tied into the coolant circuit. Two of these can be seen in Fig. 1. 
In addition, two junctions with the described aluminum foil shields were located 
near the glass as shown in Fig. 1. These shields were, however, quite ineffec- 
tive in sunlight as previous study! has shown. 

The temperature of the glass itself was measured by No. 36 gage thermo- 
couples cemented with Canada balsam into shallow grooves cut into the glass 
by triangular abrasive stones. Four such couples were used on the inside sur- 
face, and two were installed on the outside surface. 

Local shielding of the junctions from the sun showed only a slight drop in 
emf. It was therefore concluded that they registered the glass temperature 


1 Exponent numerals refer to References. 
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with satisfactory accuracy and that solar heat absorbed by them because of their 
opacity was readily conducted into the surrounding glass area. 

The outdoor air temperature was measured by a shielded aspirated thermo- 
couple. At intervals during test periods wet and dry bulb temperatures were 
taken by means of a sling psychrometer. 

In actual test work, thermocouples which measured the same quantity, such 
as the glass temperature, were connected in parallel at the instrument panel, 
and the average emf was recorded. Each thermocouple could, however, be 
checked individually, a procedure which was carried out periodically. All 
thermocouples were of copper-constantan wire calibrated to 0.1 F. Emf’s were 
measured with an electronic indicating potentiometer with 0 to 5 millivolt scale. 


Wind Velocity 


The wind velocity was measured by a calibrated cup-type anemometer which 
operated a magnetic revolution counter and was capable of registering velocities 
as low as 2.5 mph. Wind direction was measured by a vane. Both instru- 
ments were mounted on the tower shown in Fig. 3. 


Measurement of Solar Radiation 


Measurements of total solar radiation were made with Eppley thermo-electric 
type pyrheliometers. Although Fig. 1 shows two such instruments mounted 
on the face of the calorimeter, ordinarily only one was located here and that 
in the lower position. The second instrument was installed on the instrument 
tower in order that radiation striking a horizontal plane might be correlated 
with that incident upon the plane of the window. Each instrument was con- 
nected to five points of a 16 point recording potentiometer. Fig. 1 shows a 
device which was used periodically to shade the Eppley pyrheliometer from 
the direct rays of the sun in order to permit a breakdown of the incident radia- 
tion into its components of direct and diffuse radiation. A similar procedure 
was carried out with the instrument located on the tower. 

These instruments were calibrated at the Laboratory by comparison with a 
calibrated Smithsonian Silver Disk pyrheliometer. The calibration constant 
was found to be dependent upon the angle at which the sun’s rays struck the 
thermo-electric element. 


Measurement of Heat Absorbed in Calorimeter 


Heat gain (or loss) in the calorimeter was measured by the temperature 
rise of the water-ethylene glycol mixture and its flow rate. The temperature 
rise of the fluid was measured by a copper-constantan differential thermopile. 
Each set of junctions, together with a single thermocouple, was located in a 1% 
in. mixing tee buried in the insulating jacket of the calorimeter. The junc- 
tions were of 24 gage wire, insulated with a waterproof electrical insulating 
varnish and immersed directly into the fluid stream. The original thermopile 
of 15 junctions was replaced in the fall of 1947 by a 24 junction thermopile. 

The temperature rise was recorded on five points of a 16 point recording 
potentiometer. The flow rate was adjusted so that the temperature rise was 
of the order of 2 to 3 F deg and was measured by a calibrated orifice. The 
specific heat of the fluid, approximately 0.80 Btu per (lb) (F deg), was 
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accurately determined from its temperature and its specific gravity which was 
checked periodically. 


Calibration of the Calorimeter 


When the calorimeter shell was covered with the 2 in. layer of insulation, 
17 differential thermocouples were distributed over equal areas of its surface. 
One junction was attached to the back side of the shell by electrical insulating 


Fic. 3. APPARATUS FOR MEASUREMENT OF SOLAR RADIA- 
TION TRANSMISSION MOUNTED ON ROOF OF SPECIALLY 
BUILT TEST HOUSE 


cement. The second was attached to the center of a 5 in. square aluminum 
plate fixed to maintain a 2 in. distance from the shell. Therefore, the tempera- 
ture drop across this layer of insulation was a measure of the loss or gain. 

The completely assembled apparatus was calibrated both in the Laboratory 
and out-of-doors. A sheet of % in. insulating board was installed and sealed 
in the window opening. Four sets of differential thermocouples were installed 
in this blank panel at the centers of equal areas to form four heat meters. 
Couples were also cemented to the inside and outside surfaces of the panel 
to indicate surface temperatures. 

In the process of calibration, fluid, either chilled or heated, was pumped 
through the calorimeter and its heat gain or loss was noted. This value, from 
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which was deducted the heat flow through the blank panel, represented the 
calibration factor for the given millivolt drop across the insulating jacket and 
for the existing differential temperature between the mean fluid temperature 
and the metal casing of the calorimeter. Heat flow through the blank panel 
was established by cutting out the heat meter sections and checking them in 
a standard hot plate tester. 

Because heat could enter the calorimeter system via the wood strips on 
which the glass sheets were mounted, narrow heat meters of % in. plywood 
were fastened between the wood strip and the calorimeter surface which, at 
this point, extended to the glass. 


Test PROCEDURE 


The calorimeter apparatus was used in two ways to measure solar heat gain 
through the various types of glass tested. For each sample at least one set of 
tests was made for fixed angles of incidence over the range 0 to 80 deg, at 
intervals of 5 to 10 deg. The sun sight (See Fig. 1) was set at the desired 
angle and then by tilting and rotating the calorimeter so that the sun’s rays 
passed through the sight tube, this angle was held for a period of 30 to 45 min. 
Data were recorded at 15 min intervals and included angular positions, wind 
velocity, sky and cloud conditions as well as temperature and solar intensity 
measurements. In addition a continuous record was made of the solar intensi- 
ties and the temperature rise of the coolant. These tests were carried out with 
the coolant supplied to the calorimeter at a constant temperature and close to 
the maximum outdoor air temperature expected for the day of the test. 

The second type of test carried out with this apparatus was to operate it 
in a fixed position with the coolant supplied at a fixed temperature below (or 
above) the maximum outdoor temperature expected for the day of the test. 
As before, complete data were taken at 15 min intervals in addition to the 
record of the recording potentiometer. 

In addition to the calorimeter tests, the transmittance of the glasses for 
diffuse and direct radiation was measured by pyrheliometers. For diffuse 
transmittance, the Eppley pyrheliometer was used as follows. It was mounted 
in the lower position on the calorimeter (See Fig. 1), the front of which was 
covered with black paper to reduce reflections. A 46 in. square frame 43% 
in. deep was also mounted on the calorimeter and the apparatus placed in a 
vertical position out of view of the direct sun. A full sized test specimen, 
481% by 485% in., was then held in front of the instrument. The frame acted 
as a stop and also insured that the instrument saw the same solid angle when 
it was exposed as when it was covered by the sheet of glass. Three sets of 
readings were made, one with the glass in front of the instrument, and two 
with the glass removed. The latter were made just before and immediately 
after the readings were taken with the glass in place. The transmittance of 
diffuse solar radiation was computed by dividing the second reading of the 
series of three by the average of the first and last readings. 

Numerous measurements of the transmittance of normally ircident direct 
solar radiation were made on small samples of glass with the Smithsonian Silver 
Disk pyrheliometer. These samples had been cut from the same sheet of glass 
as had the full sized samples. The test procedure involved three sets of read- 
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ings, one with the glass in front of the instrument, one immediately before 
this reading, and one immediately afterwards with the sample removed from 
its holder. The transmittance was found from the temperature rise computed 
from the second set of readings divided by the average rise computed from 
the first and third. This method is restricted to clear days when the solar 
intensity is steady and is suitable only for clear, flat, unfigured glass. It is 
possible with this apparatus to duplicate the results of successive runs within 
one percent with glasses of relatively high transmittance. 


RESULTS OBTAINED 
Calculation of Calorimeter Data 


The total solar heat transmitted directly through glass equals the incident 
radiation minus that reflected minus that absorbed. This was found by algebrai- 
cally adding the following quantities, which, in the sense used, are considered 
as positive: 


1. Heat gain by the coolant. 

2. Computed heat lost by the calorimeter to the inner surface of the glass by 
convection and radiation. 

3. Heat lost through the calorimeter insulation. 

4. Heat lost through the edge or corner block which held the glass. 

5. Heat stored in the calorimeter shell by virtue of a rise in its temperature. 


The temperature rise of the coolant was measured by averaging tempera- 
tures shown on the curve on the recorder chart by means of a planimeter. 
This average temperature multiplied by the observed flow rate and the appro- 
priate specific heat, gave the heat gained by the coolant. The radiant heat 
exchange between the calorimeter surface and the glass surface was computed 
from the temperatures of these two surfaces and the Stefan-Boltzmann equa- 
tion. The angle factor for the glass panel is unity. The effective emissivity, 
based upon the ratio of the two surface areas and the emissivities of glass and 
blackened surfaces, 0.93 and 0.97 respectively, was calculated to be 0.925. Based 
upon tests made over a limited temperature range with a blank panel in place 
of the glass, it appeared that convection heat transfer, g,, between the inner 
surface of the glass and the air enclosed in the calorimeter could be expressed 
approximately as 


Qc = 0.20A?' Btu per (hr) (sqft) ......... (1) 
where 


At = temperature difference, Fahrenheit degrees, between the inner surface of 
the glass and the calorimeter air. 


The convection constant, 0.20, is considerably below that of 0.27 recommended 
by McAdams? for vertical flat surfaces. This constant was modified for posi- 
tions other than vertical and for the direction of heat flow. 

Heat lost through the calorimeter insulation was computed from the observed 
temperature drop across the insulation and the calibration constant appropriate 
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to the temperatures involved. Heat loss through the edge was computed from 
the observed temperature drop across the edge heat meters and their calibra- 
tion constant. Heat stored in the calorimeter shell during the course of a run 
was computed from the known weights of its components parts, their respective 
specific heats, and the observed rise in its average temperature. 


Calculation of Incident Solar Radiation 


The incident solar radiation was broken down as previously described into 
diffuse and direct radiation. The total radiation recorded on the potentiometer 
chart was integrated by means of a planimeter to obtain the mean value. The 
direct radiation was found by subtracting the mean observed diffuse radiation 


TABLE 1. TRANSMITTANCE OF SEVERAL GLASSES FOR DIFFUSE SOLAR ENERGY 
(Sky RaptraTIonN) AS MEASURED BY THE EPPLEY PYRHELIOMETER 


Giass No. TRANSMITTANCE | DaTE Sky CONDITION 
Range Average 
1 0.69—0.71 0.70 | 2-21-47 Clear, slight haze 
1 0.65—0.68 0.67 | 8-21-47 Very hazy 
2 0.74—0.90 0.82 5-6-47 Partly cloudy 
3 0.20—0.21 0.21 | 7-18-47 Hazy 
6 0.37—0.38 0.37 | 7-21-47 Clear 


from the total incident radiation. Calibration constants for the Eppley pyrheli- 
ometer appropriate to the incident angle were then applied. 


Spectral Transmittance Characteristics 


The spectral transmittance curves of four glasses for which data are pre- 
sented in this paper are shown in Fig. 4. This information was obtained by 
spectro-photometer tests of small samples taken from the same sheet from which 
the full sized samples were taken and was furnished by the companies which 
supplied the glass. Glasses No. 3 and No. 6 are commonly termed heat absorb- 
ing glasses. No. 3 was a rolled wire glass polished on both sides and was 0.29 
in. thick. The other three were polished plate glasses of % in. thickness. 
These four glasses were selected as covering the range normally found in 
practice. Some data on a double strength window glass, designated No. 9, and 
on a third heat absorbing glass, designated No. 10, are presented in this report. 


Transmittance for Diffuse Solar Radiation 


Although numerous calorimeter tests have been made to measure the trans- 
mittances of the various glasses for diffuse solar radiation, the variables involved 
are so numerous that the data require further analysis. Therefore, only the 
results of the tests made with the Eppley pyrheliometer will be presented in 
order to indicate trends. Tests consisted of from four to six sets of readings 
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taken within a period of 15 min. Table 1, in which notations as to the sky 
conditions are given, shows these results. The calorimeter tests showed con- 
siderable variation for the same glass, but results were of the order of magni- 
tude noted in Table 1. 


Transmittance for Normally Incident Radiation 


Many tests have been made of the transmittance for normally incident direct 
solar radiation of the several glass specimens. These tests were made with 
the Smithsonian Silver Disk pyrheliometer as described before and are being 
continued in order to discover whether or not there are systematic relation- 
ships between transmittance and atmospheric and solar conditions. For that 
reason a range of the values found is given. It cannot be stated at this time 
whether or not these values represent extremes. To date only glass No. 1 has 
been tested under a fairly wide range of conditions. Some values are com- 
pared (See Table 2) with the calculated transmittance based upon the spectral 
curves of Fig. 4 and the energy distribution for air mass of 2 according to 
Moon*. No range has been given where a relatively small number of tests 
have been made. 


Transmittance from Calorimeter Tests 


From data taken in these tests the total solar heat transmitted by the glass 
was computed as previously described. From this value the direct or beamed 
radiation transmitted was found by subtracting the product of the incident 
diffuse radiation times the appropriate value given in Table 1. The result 
divided by the incident direct radiation gave the percent transmittance. 


Fig. 5 shows the transmittance of glasses No. 1 and No. 2 vs angle of inci- 
dence (the angle between the sun’s rays and a line perpendicular to the glass). 
The data for the former are for two clear days in April. Curve A is the 
theoretical transmittance* for glass No. 1 based upon a transmittance for 
normally incident radiation of 0.71. This value is an average of six measure- 
ments made in April with the Silver Disk pyrheliometer and is in reasonable 
agreement with the calorimeter test results. Correlation of considerable test 
data for glass No. 1, which were obtained during the winter of 1947 and which 
are not given at this time, remains to be completed. A comparison of the 
data shown in Fig. 5 with that given by Curve A of Fig. 6, together with 
the values listed in Table 2, shows that solar energy distribution may be a 
more significant factor in transmittance of glass such as No. 1 than calculations 
have indicated. 


Test data for glass No. 2 lie, on the average, slightly below the theoretical 
curve for glass with a transmittance of 0.90 for normally incident radiation. A 
theoretical curve for 0.89 transmittance would agree almost exactly with the 
test data. Inspection of Fig. 4 shows that, because of the flat spectral trans- 
mittance curve, solar energy distribution should have little or no effect on 
transmittance for the solar spectrum as a whole. It should be mentioned that 
points for 80 deg incident angle can be shifted up or down by relatively small 
differences in the value selected as the diffuse transmittance. This is so because 
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the incident direct radiation at this angle is usually about equal to or less 
than the incident diffuse radiation. 


Fig. 6 shows test data for sample No. 3, a heat absorbing polished wire glass. 
These data are from both fixed angle and fixed position tests made during the 
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Fic. 4. SPECTRAL TRANSMITTANCE CURVES OF REGULAR 
AND HEAT ABSORBING GLASSES 


latter part of July and the early part of August. Although there is some 
scattering, the points are in fair agreement with a theoretical curve based upon 
a transmittance of 0.20 for normally incident radiation. 


The same figure shows data for glass No. 6, a heat absorbing plate glass 
and the theoretical curve based upon 0.39 transmittance. 


The accuracy of 
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these data was impaired because it was necessary to depend upon the readings 
of single couples in the inlet and outlet streams rather than the reading of 
the thermopile. The same comment applies to the test points for sample No. 1, 
which was retested late in August as a check on the Silver Disk tests. The 
latter rather consistently gave a normal incidence transmittance of about 0.76 
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Fic. 5. TRANSMITTANCE OF GLASSES No. 1 AND No. 2 For 
DIRECT SOLAR RADIATION 


upon which Curve A is based. In spite of some scattering the points are 
definitely higher than those obtained for the same glass during the spring. 


Total Heat Gain Through Glass 


Besides a knowledge of the fractions of direct and diffuse radiation which 
pass through a given type of glass, it is of great practical importance to be 
able to account for the heat absorbed by the glass. Its passage to an air 
conditioned space is governed by convection conditions at the indoor and out- 
door surfaces and radiation exchange between the glass and its indoor and 
outdoor surroundings. The latter includes not only the ground and neighbor- 
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ing buildings but also the atmosphere itself which is a partial absorber of low 
temperature radiation. 

Considerable information concerning some of these factors has been secured 
from the fixed angle tests. In order to extend this information and to approxi- 
mate it for actual installations, several tests have been made in which the glass 
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Fic. 6. TRANSMITTANCE OF GLASSES No. 1, No. 3 AND 
No. 6 FOR DIRECT SOLAR RADIATION 


was held in a fixed position with an approximately fixed temperature difference 
between indoors, i.¢c., the calorimeter, and outdoors. From all of these tests 
it is expected that a treatment can be developed which will account for the 
dissipation of solar heat absorbed by the glass as it is affected by the factors 
mentioned previously. 

Because such a correlation has not been completed at this time, it will suffice 
in this progress report to demonstrate heat gain for two different types of 
glass. Fig. 7 shows the results for glass No. 1 facing west on a cloudless day. 
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The wind was quite steady from the north and, on the average, parallel with 
the glass. The heat gain data have been corrected to a 15 deg difference 
between calorimeter and outdoor air temperature by arbitrarily adding or sub- 
tracting one Btu per (hr) (sq ft) for each degree departure from this differ- 
ence. The calorimeter temperature was in each case below the outdoor air 
temperature. Based upon the heat flow from glass to calorimeter, this correc- 
tion was of the order of 25 percent or less. Based upon total heat gain, the 
correction was negligible. The heat flow from glass to calorimeter was com- 
puted by the procedure previously described. Fig. 8 shows similar data for 
glass No. 3 with the same orientation, same temperature difference, and a 
somewhat lower wind velocity. The day was also cloudless, but the solar 


Taste 2. TRANSMITTANCE OF SEVERAL GLASSES FOR NORMALLY INCIDENT 
Direct SoLAR RADIATION AS MEASURED BY THE SMITHSONIAN 
Sittver Disk PyYRHELIOMETER 


SAMPLE No. TRANSMITTANCE 
Calculated Measured 

1 0.77 0.71—0.78 
2 0.91 0.90—0.91 
3 0.22 0.19—0.21 
6 0.42 0.37—0.42 
9 0.9 

10 0.33—0.37 


radiation was quite different in total intensity as well as in distribution between 
direct and diffuse. Quite different results were obtained for No. 3 on another 
day with a 5 deg greater differential, maximum air temperature of about 68 F, 
and radiation about the same as in Fig. 7. 


Discussion OF RESULTS 
Solar Energy Distribution 


Data such as are presented in Figs. 5 and 6 are expected to have rather 
general application. for the construction of design tables, once the dependence 
of total energy transmittance on solar energy distribution has been established. 
Table 2 shows that for glasses 1, 3, 6, and 10, the transmittance of each for 
normally incident radiation typical of the Cleveland area may differ by as much 
as 10 percent. The high transmittances of glasses 2 and 9 indicate that reflec- 
tion accounts for the principal loss. Therefore they should be little affected 
by solar energy distribution changes. 


The primary factors which alter the distribution of energy in the solar 
spectrum are atmospheric water vapor, dust, and solar altitude (air mass). 
A fourth factor, haze, is a combination of the first two, dust particles forming 
nuclei for the condensation of water vapor. The result is a whitish cast to 
the sky and a scattering of solar energy in excess of that due to the molecules 
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of air and water vapor that constitute the atmosphere and to suspended dust. 
Ozone is a strong absorber in the ultraviolet region, but since this portion 
of the spectrum accounts for only a small percentage of the total energy at 
earth level, it probably can be disregarded as a factor of importance in solar 
heat gain through glass. 

Moon’ has computed atmospheric transmission for a definite amount of water 
vapor and dust. The results of his computations as to the total energy in the 
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solar spectrum are summarized in Curve B of Fig. 9. Markedly different 
from Curve B are the two curves shown for Cleveland. These are illustrative 
of the effects of atmospheric conditions. Fig. 10 shows Moon’s computed energy 
distribution for air mass zero and air mass 2. 

The computed total energy transmittance of a glass with a spectral curve 
similar to that of No. 1 has been found to be practically identical for Moon’s 
computed energy distributions corresponding to air masses 1, 2, and 3. Similar 
computations for a heat absorbing glass with a total energy transmittance of 
about 50 percent differed by about 5 percent. Although considerable differences 
in energy distribution must exist between the curve based upon Moon’s calcu- 
lations and those shown for Cleveland, it is not now apparent how it can be 
great enough to account for the range shown in Table 2 for glass No. 1. 
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The data given in Table 1 when compared with those given in Table 2 
indicate that the energy distribution in the spectrum of diffuse radiation is con- 
siderably different from that in the sun’s spectrum. If both were identical, 
the transmittance for diffuse radiation would be less than for normally incident 
direct radiation, because the diffuse radiation, - effect, comes in from an 
angle of about 60 deg. The results for glass No. 2, one unaffected by energy 
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distribution, follow this pattern. The results for the heat absorbing glasses 
are what might be expected. The diffuse radiation is radiation from the 
sun that is scattered by the air molecules and, since the infrared is scattered but 
little, the diffuse spectrum is strong in the visible region in which also the 
transmittance of a heat absorbing glass is high. 

In view of the lack of data concerning energy distribution, a full explanation 
of the results shown in Tables 1 and 2 and Figs. 5 and 6 awaits a more 
exhaustive study and analysis. 


Total Heat Gain 


The data presented in Figs. 7 and 8 are not intended to represent design data, 
but are simply heat gain data for the conditions stated. Because the atmospheric 
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conditions were different on the two test days, they do not show the true 
difference between greatly different types of glass. 

During the course of the tests it was found that, besides the solar intensity, 
wind velocity, and air temperature, other factors need to be considered to 
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account for the heat transmitted by or conducted through the glass. Among 
these are solar radiation reflected from the ground or nearby buildings, low 
temperature radiation exchange between these surroundings and the glass, and 
radiation exchange between the glass and the atmosphere. The latter, usually 
known as nocturnal radiation, has appeared as a significant factor on those 
occasions when radiation exchange with the ground objects was not a factor. 
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SUMMARY 


The transmittance for direct and diffuse radiation of several types of glass 
has been experimentally determined by two different methods. The results 
have been compared with theoretical curves and show similar trends. Pyrheli- 
ometric tests show, for certain glasses, differences in transmittance for normal 
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Fic. 10. SPECTRAL ENERGY DISTRIBUTION OF THE DIRECT 
RAYS OF THE SUN ON A PLANE NORMAL TO THE RAYS 


incident radiation of as much as 10 percent. These differences are significant 
because they are believed to be due to atmospheric conditions that alter the 
energy distribution of the solar spectrum. These findings indicate the need 
for further research in this area in order that design data can be developed for 
atmospheric conditions typical of various localities throughout the country. 

Examples of total heat gain for two types of glass have been given to illu- 
strate the distinction between heat gain by transmittance of the incident radia- 
tion and heat gain by way of radiation and convection from glass which is 
warmed by the sun. 
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Because a considerable body of test data remains to be correlated, and because 
the problem of solar heat gain through glass is as yet incompletely understood, 
some of the results presented here are subject to modification or to different 
interpretation as time goes on. 
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DISCUSSION 


Dr. D’Eustacuio,5 Pittsburgh, Pa., (WritrEN): This paper shows the character- 
istic thoroughness and attention to detail of A.S.H.V.E. research under Mr. Parmelee. 
The report is well organized and the data clearly presented. 

The remarks in the last paragraph concerning the many factors that have been 
observed to affect the total heat gain through glass, appear to be especially signifi- 
cant. The ramifications are so numerous that the analysis and conversion of test 
data now being accumulated into design data seem to be an overwhelming task. 
The problem looks especially difficult to one who has spent many months attempting to 
oS correlation between air temperature and comfort in a house that uses solar 

eating. 

It is not the purpose of these remarks to discourage the accumulation of accurate 
data on heat transmission through glass, but such data may not solve the practical 
problems of the heating engineer. With the increasing use of large glass areas on 
sun exposures and the growing practice of using prism block panels to secure good 
lighting in school rooms, the need for design data is urgent. ° 


SamueL Durrietp,® Gainesville, Fla.: We have been conducting some experimental 
work on solar radiation primarily for solar water heaters, and it is interesting to 


5 Research Laboratory, Pittsburgh Corning Corp. 
* University of Florida. 
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note that your ratings also show discrepancies from Moon’s ideal figures and standards 
very similar to the ones carried on in this research so far. 


Cyrit Tasker, Cleveland, Ohio: May I point out to the membership that this 
problem is a major one. We have been interested in the number of visitors to the 
Laboratory who wanted to see this work and wanted to see this particular piece of 
apparatus. The whole set up was designed and constructed at the Laboratory by 
Mr. Parmelee and his co-workers. 

We believe that in this apparatus some of the difficulties inherent in earlier work 
at Pittsburgh have been overcome, in that the total heat capacity of the apparatus 
is not so great that we can not immediately or at least very quickly reflect changes 
in the solar radiation. 

We have been urged by many people to publish results quickly and to do work right 
away on such things as shades and shading devices on the grounds that there have 
been reports in the literature that shading devices will save so much heat and will 
do this and that and the other. We have no doubt that some very interesting results 
are going to come out when we start on shading devices, but gentlemen, as we 
stand today, we can not study shading devices—or, if we did we can not interpret 
the results, until we have completed work on plain glass, unshaded. Therefore the 
program which has been set up by the Technical Advisory Committee quite rightly 
has concentrated on pnnshaded glass of various types, and then is taking in double 
glass, as Mr. Parmelee has mentioned. He has a vast amount of data which we 
could not present at this time. 

We are also very much interested in making studies on glass block and other types 
of special glasses a very definite part of the program. 

When we have data on these unshaded devices we plan to study the effect of 
shading devices, and, with the background of the data already obtained, I think we 
can interpret any results that we may get. 

This work is being supported to a very large extent by those particularly interested 
in it. When I say particularly interested 1 do not of necessity mean wholly the 
glass industry, because this work is of value and of interest not only to those people 
who make and sell glass, but to every air conditioning engineer who is faced with 
problems in cooling load, and I think, perhaps, to a larger extent than he normally 
realizes, to the heating engineer, because there are times when he wants to know 
not only about the solar radiation heat factor through glass, but also about the 
effect of glass on his heating load. 

Therefore, we hope that we can produce data that will be of value to many mem- 
bers of the Society. 

Mr. Parmelee has run quite a number of tests right through the night to secure 
data on radiation exchange. It is also possible that with this apparatus we can 
simulate what happens when the inside of the room is held at 75 F and it is 0 outside. 

As an incidental to this, we are collecting information on solar radiation as part 
of our weather data collection, and currently we are trying to persuade the Weather 
Bureau that in the extension of their collection of data on solar radiation measure- 
ment they should do some of it at Cleveland. 

I just wanted to tell you that we were fortunate last summer, as we had long 
periods of quite fine weather, with a lot of clear sunshine. I know there are those 
who might like to see this study operated in the South, but after all, many of these 
results will be applied in cities with atmospheres something like Cleveland. We 
think that in the long run data collected in a place where there is atmospheric pollu- 
tion, will serve its purpose and will be of maximum value to the heating and 
ventilating engineer. 

Once again this is a question of getting design data; that is what we are looking 
for, and that is what we hope to be able to produce for you. 


C. S. Leorotp, Philadelphia, Pa.: My comment is not directed to this excellent 
paper but to the statement of the problem of its application to design data because 
there is a missing link in the program so far mentioned; namely, what happens to 
the solar energy aiter it gets in the room? 

It is obvious that if the direct rays of the sun strike the floor, the floor temperature 
is raised and there will be considerable heat storage. It also would appear that if 
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you have a reflective Venetian blind set at 45 or 50 deg, a considerable portion of 
the radiation will be directed to the ceiling. Part will be absorbed and part will 
be reflected. 

I stress this by way of suggesting that for further experiments, including the 
effect of shading, the apparatus should be capable of separately measuring the radia- . 
tion effects as affecting the ceiling, the various walls, and the floor. 

I have recently completed a series of tests of this nature and have found that the 
path of the radiation is significant in determining the heat balance of the room. 


R. A. Mutter, Pittsburgh, Pa.: I have been chairman of the TAC on Glass, a 
group of about fifteen, most of whom are glass people, some sash people, and fee 
also have been representatives of the various door and window companies and of 
the various blind and window cover manufacturers. 

When we started the program every effort to introduce Venetian blinds, shading, 
and measurements on such equipment was very strenuously resisted for the reasons 
given by Mr. Tasker. 

Design data must be based upon fundamental values which provide the basic founda- 
tion upon which to build. If we are considering windows at all they are merely 
openings which have to be closed with some means of protecting the inhabitants 
of the building. 

We, therefore, wanted to study the heat that came through the window. We 
know very well what is outside of the window. The pyrheliometers measure the 
energy arising at the window. We can then measure the amount of heat that comes 
through the window into the interior and, while the heat must be absorbed some- 
where and must be stored by the process of absorption in the floors and ceilings, 
after all, it is the diversion of the direct part of the sun’s rays to the ceiling, the back 
walls, or to the side of the room which is the means of distributing the heat. 

If we measure as closely as possible the total heat that comes into a fully absorp- 
tive body, we have the complete measurement of the heat where it came from, and 
how it got there. If we can measure the distribution subsequently we can learn 
how it is going to be distributed by various accessory materials. 

We felt that information obtained by the use of any intervening blind would be 
worthless until we had a complete store of data on the entering heat. 

We are now about to start the glass block program involving three different types 
of glass: two different patterns in an 8-in. size, and one pattern in a 12-in. size. 
That in itself is going to give us some measure of the effect of shading. We know 
now how much heat actually came through the window and how much actually came 
through two layers of glass. With the glass block we are going to have two layers 
of glass and besides that, we are going to have both vertical and horizontal louvers, 
which are, incidentally, part of the glass block structure. 

The louvers, which are approximately 2 in. deep in the line of the room and about 
YZ in. thick in overall dimension, will shade out a considerable portion of the direct 
radiation to the interior and absorb a considerable amount of heat. 

We proposed primarily to hold the instruments in a vertical plane where the sun 
itself is going to change angle. We are not going to change the angle of the 
calorimeter as in the plain glass studies in which the calorimeter was moved to 
follow the sun around the circle. In these tests we are going to let the sun do 
all the travelling, keep the glass stationary, and measure the amount of heat that 
enters at various times during the day. 

Nocturnal measurements, which are quite as important, should to a very large 
degree be considered solar radiation, since all of the heat that we receive on the 
earth comes principally from the sun. Some heat comes from the very deep interior, 
but none of us have very successfully measured its quantity. 

The heat received on the earth and stored, is lost during the night by radiation 
to the sky. There is some daylight radiation to the sky also, but that is negligible 
because of the vast amount of energy coming from the other direction. At the 
Massachusetts Institute of Technology, tests have been run and a considerable amount 
of data and nocturnal radiation from roofs has been collected. We hope to get some 
data that will be of material value to all of us, whether we be heating engineers, 
electrical engineers, or just plain, ordinary citizens. 
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We think that the program as planned is not altruistic. Manufacturers are not 
in it for the purpose of just giving information to the AMERICAN Society or HEATING 
AND VENTILATING ENGINEERS, or anyone else. We expect to profit by it, every one 
of us. The other organizations engaged in producing air conditioning equipment can 
also profit by it, and they ought to participate in the expense. We can operate 
an altruistic scheme, but altruism goes only so far and participation will continue 
only so long as each participant feels that the expense is justified. 

Therefore, all of those who can expect to derive any benefit from the data which 
this research program is endeavoring to gain should participate in the program to 
the fullest extent that they feel will be remunerative to them. 
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AN IMPROVED TEST METHOD FOR 
RATING AIR FILTERS 


By R. S. Farr,* W. N. Pautey,** anp K. A. Crismon, M.D.,f 
Los ANGELES, CALIF. 


RvER since the value of air filtration to industry has been recognized, there 
has been a great difference of opinion as to correct and satisfactory methods 
of evaluating air filter performance. Independent laboratories, filter manufac- 
turers, and even some large air filter users have established their own test 
procedures for comparing and rating air filter performance. Most of these 
adapted methods have helped to advance the science and art of air filter test- 
ing by offering new techniques and ideas. All have been valuable in that they 


have led to an accumulation of test data which have revealed many admitted 
faults, and have pointed the way toward better and more reliable methods. 

In the introduction to a paper in 1933, S. R. Lewis, in a capable manner, 
covered the necessity for a method of rating air filters by means of some 
nonproprietary scheme, of reasonably consistent performance, within the dust 
ranges commonly encountered in ventilation. Mr. Lewis’ sound and funda- 
mental reasoning applies today just as definitely as it did in 1933. The only 
difference today is that the science of air filtration and the science and art of 
air filter testing have advanced to the point where much of what was acceptable 
then is now unacceptable. 


REQUIREMENTS OF ANY TESTING METHOD 


In an approach to the problem of improvement of the science and technique 
of air filter testing, it is necessary to have a clear understanding of what the 
requirements of an adequate air filter testing method should be. These require- 
ments are: 


1. The test method must yield data which enable a true comparison to be made of 
various types of air filters operating under various conditions. 


* Vice president, Farr Co. Associate Member of A.S.H.V.E. 

** Representative sales manager, Farr Co. Associate Member of A.S.H.V.E. 

+ Director of Research, Farr Co. ; 

1 Exponent numerals refer to Bibliography. 

Presented at the 54th Annual Meeting of the American Sociery or HEATING AND VENTILATING 
Engineers, New York, N. Y., February 1948. 
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2. The method must furnish sufficient data to give an indication of the expected 
performance and life of air filters operating under various field conditions. The 
results of the tests must permit interpretation to the extent that the proper and eco- 
nomical filter choice can be made for any specific problem. 

3. The method must be precise in procedure and technique so that: (a) repeated 
tests show consistent results; (b) operation of the test is entirely a matter of rountine 
technique devoid of any element of choice of procedure. 

4. The test method must be as devoid as possible of operating variables. Those 
variables which do exist should be recognized and properly evaluated, accounted for, 
and shown in the record data of the test. 

5. The test method should facilitate rapid testing when using various types of 
air filters operating under various test conditions. 

6. The test method should be an instrument to provide necessary data for basic 
improvement of air filter designs. 


After making thousands of test runs with test apparatus similar to most of 
that equipment in current use or proposed, it is the opinion of the authors that 
to meet the requirements outlined, an adequate air filter test code should 
specify the following: 


1. A test duct of standard construction. 

2. A standard method for measuring air. 

3. A standard method for feeding dust. 

4. The air velocity distribution at the filter face within narrow specified limits. 

5. The dust distribution at the filter face within narrow specified limits. 

6. Simultaneous sampling of the upstream dirty air and the downstream clean 
air so that the effect of any variables occurring during the sampling will appear in 
the factors obtained to compute efficiency. 

7. Kinds of test dust to be used. More than one type of test dust should be 
specified in order to approximate various operating conditions found in practice. 
Test dusts should be of particle size and specific gravity approximating dusts 
found in operating conditions. Generally speaking, dusts should be of a particle size 
much smaller than those used at the present time in order to show differences between 
different types of equipment. All test dusts should be procured from a single estab- 
lished standard source in order to preserve uniformity of the test results. 

8. Test codes to be used. Test codes should be specified for air filter rating by 
both a weight sample evaluation method and by a discoloration sample light pene- 
tration method. With slight alteration the same test set should be adaptable to 
both methods. 


It is not the purpose of this paper to discuss in detail the various faults 
of air filter testing methods in current use. It is enough to mention that all 
of the currently used testing methods with which the authors are familiar 
(including the 1933 A.S.H.V.E. Code®, the method proposed by Rowley and 
Jordan”, the proposed code of the Air Filter Institute, and various modifica- . 
tions of these codes used by some air filter manufacturers and large air filter 
users) have the following basic faults: 


1. The air velocity distribution at the test filter face is not uniform. 

2. The dust distribution at the test filter face is not uniform. 

3. The dust sampling devices are uncertain. They are affected by variations in 
dust concentration, by moisture content of the air and by remote location of the 
device in the test duct. 

4. The test dusts used are not typical of those found in the field, are generally far 
too coarse in nature, tend to agglomerate a great deal, and are not readily reproduced. 


Few will take issue with the statement that it has long been recognized that 
air filter testing methods currently in use do not satisfy the requirements of 
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an adequate air filter test code. This fact has been recognized by the A.S.H.V.E. 
Research Technical Advisory Committee on Air Cleaning. At the present 
time a program is actively under way at the A.S.H.V.E. Research Laboratory to 
develop acceptable testing and rating methods for air cleaning devices that will 
be acceptable as a standard code. These studies are being supported both by 
organizations in the air cleaning industry and some of the principal air 
filter users. 

A good deal of test work, discussion, and differences of opinion on air filter 
testing during the past few years have had to do with the type of test dust 
to be used. With the present testing methods it is impossible to evaluate the 


TaBLeE 1. Dust ANALYSIS—ARMY STANDARDIZED FINE AIR 
CLEANER Test Dust 


SpeciFic GRAVITY—2.5 


Chemical Percent 

Fe.O3 4.58 
Particle Size by Weight Percent 
Less than 214 to 3 Microns................. 10 


advantages and disadvantages of any test dust. It has long been the opinion 
of the authors that the first requirements were to develop reliable test apparatus 
and an acceptable test method. With this thought in mind, the authors attempted 
to eliminate or greatly minimize existing variables. The project is far from 
complete. It is believed, however, that some variables have been minimized to 
a point where they are acceptable. It is further believed that, if interested 
laboratories will incorporate in their present test methods the devices and pro- 
cedures that have led to these improvements, a coordinated investigation of still 
unsolved problems can be undertaken to expedite and hasten the development 
of an acceptable air filter test code. It is with this anticipation that all phases 
of the equipment are described in detail. 


Test Dust 


The test dust used during the development of most of the equipment to be 
described ‘is commonly known as Army Standardized Fine Air Cleaner Test 
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Dust. This is a special dust processed to definite specifications by the AC 
Spark Plug Division of General Motors Corp. and is available from the manu- 
facturer. It is the test dust most commonly specified by the armed services 
during the last war. Most major air filter manufacturers have an intimate 
knowledge of its properties. The analysis of this dust is given in Table 1. 
This dust is of much smaller particle size than most test dusts in current use. 


Zz CRISMON DUST SAMPLERS 
FUTER 
PLAN VIEW 
(PIPING SHOWN SCHEMATICALLY) 
ORIVE 

DISCHARGE AIR 

PIPED TO 

OUTSIDE 


4 
St} 
(BLOWER MOTOR 
EXCLUDED) 
SIDE VIEW 
INSTRUMENTS 
1. Inclined draft gage 4. 30 in. Manometer 7. Pressure gage 
2. Valve 5. 12 in. Manometer 8. Inclined vertical draft gage 
3. Gas Meter 6. Pressure regulator 9. Plate orifice 


Fic. 1. AssSEMBLY—FAR-AIR TEST APPARATUS 


Because of its chemical properties and composition, it has only a slight tendency 
to agglomerate, and is only slightly affected by atmospheric moisture. It has 
one drawback—its specific gravity is quite high. The authors believe, however, 
that its good points make it much more desirable than other proposed dusts. 
In any case, for the problem at hand, it was not necessary to have a perfect 
test dust. 

During most of this experimental test work, dust was fed at the rate of 0.28 
grams per 1000 cu ft of air flowing through the test filters. In order to obtain 
test results in a reasonable length of time, the test dust concentration must 
be much greater than that normally found in nature. Most air filter testing 
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laboratories have found that 0.35 grams per 1000 cu ft of air flowing through 
the test filter does not appreciably impair the filter performance provided test 
runs no longer than two hours are made and provided there is a rest interval 
of one hour between tests. Rowley and Jordan? have claimed that concentra- 


Fic. 2. View OF INSTRUMENT PANEL 


tions considerably greater than this may be used without deleterious effect 
to the test. 


Test APPARATUS 


The general layout of the test duct used is shown in Fig. 1. The final 
arrangement of this test duct was devised after the authors had tried several 
arrangements proposed in the past as well as several new arrangements. The 
duct was designed for testing 20 in. x 20 in. (nominal size) air filter panels. 
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In some laboratories a testing panel as small as 6 in. x 6 in. is considered 
satisfactory. It has been the authors’ experience, however, that small test ducts 
exaggerate the influence of variables involved. Also, some air filter manufac- 
turers claim that small sections of their filters are not adequately representative 
of the full sized unit. As the 20 in. x 20 in. panel is of the most common size, 
the test duct was constructed to suit this size. The inside of the test duct was 
smooth and free from any projections or roughness that might have modified 
air flow or collected dust. 

The nozzle used for air flow measurement was a 6 in. bell-orifice nozzle con- 
structed in accordance with the specifications of the 4.S.M.E. Power Test Codes 
19.5.4-1940 titled Flow Measurement 1940. Perforated plate diffusers such as 
described by D. D. Wile® were placed in the duct on either side of the nozzle. 
The blower was driven by a variable speed drive so that any air flow require- 
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Fic. 3. AssEMBLY—CRISMON DUST SAMPLER 


ment could be obtained. The discharge air was piped to the outside of the 
building so that any dust it contained would not be recirculated to the air 
intake. The laboratory room was kept clean and the air entering it was filtered. 

The arrangement of equipment and instruments is shown schematically in 
Fig. 1 and the instrument panel board is shown in Fig. 2. The usual static 
taps are placed on either side of the bell-orifice in order to measure air flow, 
and on either side of the test filter to measure resistance to air flow through 
the filter. A vacuum pump first draws air through the dust samplers then 
through positive displacement recording gas meters, and then through calibrated 
plate orifices. The pressure drop across these orifices is measured by static 
draft gages. The air flow in the sampler lines is held to 0.95 times the air flow 
velocity in the test duct.4 This rate of air flow is regulated by valves installed 
on the inlet side of the gas meters. As the samplers accumulate dust, the sys- 
tem resistance progressively increases indicating progressive decrease of 
sampler air flow. The resistance of the upstream or dirty air sampler usually 
increases at a much greater rate than the downstream or clean air sampler. 
This resistance increase requires the operator to watch the draft gages which 
measure resistance across the plate orifices, and to adjust frequently the control 
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valves so as to maintain a constant air sampling rate. The gas meters are 
included to give a volumetric check of the total cubic feet of air sampled and 
to provide data for correction of the difference between the upstream and down- 
stream sampler collections, if found necessary. 

With reasonable attention to the gages, however, it is fairly easy to draw 
test air samples within less than + 1 percent of each other throughout a series 
of test runs. In addition to the instruments already mentioned, a 30 in. 
mercury manometer is included to measure the vacuum maintained for the 
purpose of drawing the air through the samplers. At a velocity of 410 fpm 
through the samplers a vacuum of 18 in. of mercury is required. Dry and wet 
bulb temperature readings and the barometric pressure reading of the laboratory 
room air are recorded at the beginning of each test run. 


Dust SAMPLERS 


Fig. 1 also shows dust samplers in position to take simultaneous samples 
from the upstream and downstream sides of the test filter. As stated earlier 
simultaneous sampling is necessary to insure that the effect of any variables 
occurring during the sampling will appear in the factors obtained to compute 
efficiency. When single samples!:?5 are taken and the differences in dust con- 
centration are measured both with and without a test filter in. the duct, the 
sampling is liable to so many errors that the results may be seriously questioned. 
In 1938 R. S. Dill® proposed simultaneous sampling for application to a light 
penetration method of comparing the performance of air filters. Simultaneous 
sampling has since been extensively applied to a weight method of rating 
air filters. 

The upstream sampling tube was located about 14 in. in front of the filter 
holding frame, and the downstream sampling tube was about 6 in. behind. 
Both tubes were located in the geometric center of the test duct. Rubber 
couplings were fastened on the end of the sampling tubes and into these coup- 
lings were inserted Crismon dust samplers. 

Details of the Crismon dust sampler are shown in Fig. 3. All of the 
materials making up these samplers are nonhygroscopic. The materials for 
the sampler pack are glass cloth (Fiberglas No. ESS-12-248) and glass wool 
(Fiberglas Basic Fiber No. 115K). The samplers may be handled more or 
less incautiously, and need only to be wiped with an ether or alcohol moistened 
cloth to remove deposited finger stains before weighing. Repeated tests have 
been conducted to determine the amount of the test dust passing through these 
samplers. A high powered microscope has shown that some ultra fine dust 
particles can pass through. The magnitude of this ultra fine dust escaping the 
samplers is so small, however, that its weight is less than one tenth of a milli- 
gram after an hour test run with a collection of more than 0.02 grams of dust. 
A tenth of a milligram is within the accuracy of most sample weighings. For 
all practical purposes it can be said that this sampler is nearly an absolute filter. 
Since this sampler is not affected by atmospheric moisture, a vast amount of 
time has been saved in sample weighing; the testing process has been remark- 
ably accelerated and, more important, the test results have been much more 
consistent and reliable. 
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Dust FEEDER 


Details of the dust feeder developed by the authors are shown in Fig. 4. 
Before designing this particular dust feeder, hundreds of test runs were made 
with many and various types and modifications of dust feeders. Agitated dust 
chambers, modified elutriators, band type feeders, plate type feeders on both 
vertical and horizontal axes, and others were tried. Many methods and schemes 
were improvised to distribute the dust in the test duct including single and 
multiple orifices of various sizes, conical and plate impingement baffles, revolv- 
ing and stationary dust nozzles of various shapes from cones to fish-tails, 
directed air jets and many others. The degree of satisfaction obtained by 
various combinations of the schemes given varied greatly. It was not until 


94% 98% 94% 97% 
100% /00 % 
97% 97% I7% 98% 
AT 433 FPM _ DISTRIBUTION AT 288 FPM 
UCT VELOCITY DUCT VELOCITY 


Fic. 5. Dust DISTRIBUTION IN FAR-AIR FILTER TEST DUCT WHEN 
FEEDING ARMY STANDARDIZED FINE AIR CLEANER TEST DUST 


the dust feeder shown in Fig. 4 was developed, however, that satisfactory air 
and dust distribution was obtained. 

Essentially the dust feeder described consists of a grooved plate that moves 
slowly forward by means of a rack and gear drive. The movement is 1.9 ft in 
one hour’s time. A weighed amount of test dust is evenly spread along each 
of the four lateral grooves. Rotating gears which fit in the grooves con- 
tinuously slice off minutely thin layers from the edge of the slowly advancing 
strips of dust. A controlled flow of compressed air aspirates the test dust 
sliced off by the gears through four tubes and delivers it to four distributing 
nozzles in the duct. A rapping device raps both the gears and aspiration tubes 
to keep them clean. The upper wall of this end of the duct is plate glass and 
it is a very rare occurrence to observe uneven puffs of dust as fed. Simple 
mechanical devices incorporated in the dust feeder provide ready adjustment 
of the plate to the aspiration tubes; the metering gears to the plate; and the 
amount and pressure of the injection air to each aspiration tube. With the 
four dust nozzles fixed in position as shown in Figs. 1 and 4, dust feed was 
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adequately uniform for the dusts tested. A refinement is planned to permit 
scale adjustment of these nozzles. 


MINIMIZING TEST VARIABLES 


By using the equipment described it has been possible to obtain even dust 
distribution at the filter face within the limits of +5 percent. This, in the 
opinion of the authors, is satisfactory. It has been their experience that no 
other dust feeder is so effective since it was found that dust distribution with 
other methods varied from over + 50 percent to variations of several hundred 
percent. Examples of dust distribution with this equipment are shown in Fig. 
5. These distribution measurements were made by comparing the amount of 


Tasie 2. EXAMPLE OF THE CONSISTENCY OF Dust FEED FROM FAR-AIR DusT 
FEEDER AS MEASURED BY CrRISMON Dust SAMPLERS 


SAMPLER WEIGHT GAIN | SAMPLER WEIGHT GAIN 
IN GRAMS | IN GRAMS 
433 Fem Duct | 288 Fem Duct 

VELOCITY } VELOCITY 
Upstream | Downstream Upstream | Downstream 
Sampler | Sampler Sampler Sampler 
0.0136 | 0.0025 0.0074 0.0018 
0.0141 | 0.0029 0.0076 | 0.0020 
0.0137 | 0.0025 0.0076 0.0021 
0.0133 | 0.0023 0.0076 0.0020 
0.0134 0.0025 0.0077 0.0020 
0.0135 0.0027 0.0075 0.0020 
0.0136 | 0.0028 0.0078 0.0021 
0.0134 0.0024 0.0075 0.0018 


dust collected by the Crismon dust samplers placed in the center of each 
quadrant of the duct with the amount collected by a sampler placed in the 
center of the duct. An example of the consistency of dust feed is shown 
in Table 2. 

The weight figures in Table 2 were obtained from the data of eight con- 
secutive test runs of a routine filter test. In routine testing three or four 
pairs of samplers rotate in use. Each sampler has a different tare. No special 
care was taken in handling the samplers except that they were wiped with an 
alcohol cloth before weighing. Some samplers were weighed immediately; 
others were left as long as a day before weighing. 

Detailed traverses of the test duct with an Alnor Velometer reveal that the 
air velocity variation at the filter face is about + 15 to 20 percent. By carry- 
ing on a more systematic study of the size and location of the air inlet orifices 
than we have yet had time to do, it may be possible to improve this air velocity 
distribution. However, to get even distribution of air in a square duct is an 
extremely difficult thing to accomplish, as all of those who have experimented 
with low viscosity fluids will agree. A circular duct would probably offer 
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certain advantages in this respect, but as stated previously, the test duct should 
be devised for testing standard air filter panels. An air velocity variation of 
+15 to 20 percent appears to be well within other experimental limits; par- 
ticularly since the dust distribution is held to + 5 percent. 

The test apparatus described has minimized most of the important variables 
encountered in air filter testing with the exception of variables associated with 
a specific test dust. Because of the many ramifications of this problem, it is 
believed that it can be overcome only by using a series of different dusts and 
dust mixtures. No one dust can be expected to meet all the requirements 
encountered in the field. The subject of test dusts is a complicated one about 
which much has been written, and on which there is much disagreement. It 
is enough to mention at this point, that generally speaking, any test dust decided 
upon should be composed of particle size ranges much smaller than those in 
current use; it should not have component particles of a sticky amorphous 
nature which agglomerate and resist dispersion so that the dust cannot be fed 
with even dispersal in a controlled manner. It must be a dust which can be 
reproduced to close specifications and preferably should be provided to all from 
a standard source. It has been suggested’ that air filters be tested with dusts 
of narrow specified size ranges. This suggestion appears to have a great deal 
of merit and certainly should be included in any program searching for satis- 
factory test dusts. 


PLottinc Test DATA 


When air filter test data have been obtained, the question arises: How should 
these data be presented in order to show true rating of filter performance? It 
is believed that complete curves showing both air filter efficiency and air flow 
resistance vs. dust load actually on the filter should be plotted. Curves which 
show efficiency and resistance vs. dust fed to the filter or vs. time do not give 
a true impression, are frequently misinterpreted, and, therefore, are misleading. 

Past air filter testing codes classified air filters according to type and resist- 
ance characteristics and specified a different test velocity for each class. The 
filters were then tested until the efficiency dropped off a certain percentage 
or until the resistance built up to a certain point. At the completion of the 
test, some point on the performance curve (usually at the one-half total dust 
load point) was chosen as the point of average dust holding capacity, and the 
corresponding efficiency at this point was termed the average efficiency. 

Inasmuch as it is still common practice to furnish interested air filter users 
only these average figures and to write air filter specifications referring only to 
these average figures, it is believed that such a scheme is grossly misleading. 
True filter performance can only be shown by presenting full performance 
curves. There are many different types of air filters being used. Different 
types have wide variations in efficiency, resistance and dirt holding capacity. 
Any comparison made at one velocity or within one set of resistance limits 
does not necessarily hold for another. Since the main purpose of any test code 
is to further analysis of air filter performance, the authors believe that limita- 
tions of this sort deprive the intelligent and progressive engineer of valuable 
information that would assist him in designing air filter installations to more 
nearly suit his own peculiar space, power, efficiency and other requirements. 
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This can only adequately be shown by presenting the full curve or a family 
of curves, if information is desired for various types of dusts or at various 
velocities. 


SUMMARY 


This paper has pointed out basic requirements of adequate air filter testing 
methods and has outlined what the authors believe a good test code should 
include to meet these requirements. Most of the controversial discussions on 
the subject o «ir filter testing have centered around a suitable choice of test 
dusts. The matter of test dusts has consumed most of the energy which has 
been spent in trying to develop an adequate and acceptable test code even 
though the many known variables encountered in all testing methods used at 
the present time are so upsetting that no true picture of the relative advantages 
and disadvantages of any dust can be determined. 

A description and drawings of the test duct and dust feeder developed by the 
authors are given. With this equipment the test dust at the face of the test 
filter is distributed within the limits of + 5 percent. This is a marked improve- 
ment over dust distributions obtained with other equipment in current use. The 
air velocity distribution at the filter face is within + 15 to 20 percent. This is 
only a small fraction of the differences found in other test methods. 

A description of the Crismon dust sampler is given, together with the tech- 
nique of its operation. Simultaneous sampling both upstream and downstream 
of the test filter is recommended so that the effect of any variables which occur 
during the sampling will appear in the factors obtained to compute efficiency. 

The authors further recommend that all test data be plotted in full. The 
methods of arriving at average efficiency and resistance figures which have been 
in use in some air filter test methods are misleading. Since the main purpose 
of a test code is to provide means for reliable analysis of air filter performance, 
only complete curves or families of curves at various velocities, or test data 
using various specified test dusts will enable the engineer to design his air 
filter installation to suit his particular requirements. 

The authors believe that if other laboratories interested in establishing a 
satisfactory air filter test code should adopt the improved equipment described 
in this paper, a coordinated investigation of still unsolved problems, including 
the complicated problem of suitable test dusts, could be undertaken. Coordi- 
nated investigation would help to develop an acceptable air filter test code in 
a much shorter period of time. 
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DISCUSSION 


Joun W. Marxert, Washington, D. C. (WrittEN): This paper deals with one of 
the most important problems of the industry. The lack of test code standardization 
mentioned by the authors has been a pet peeve of the writer. 

In government work it is particularly difficult to obtain quality merchandise without 
a very complete specification covering material, design, and performance. With most 
air conditioning equipment, this is not too difficult, because methods of testing have 
been developed and accepted by the industry. This does not exist with respect to 
air filters all of which are almost perfect according to the manufacturer’s advertised 
ratings. It is, therefore, essential, as the paper indicates, that an acceptable method 
be developed for analyzing the last 1/10th of 1 percent, which appears to be the 
only place where most filters apparently differ in performance. 

The filter manufacturers must take this matter seriously enough to come to a 
working agreement rather than divide forces and prevent the formulation of a practi- 
cal code. Unless they do this, they will have to abide by the opinions of individuals, 
which may be unintelligent, unfair and unscientific in many instances. Furthermore, 
such a code will accelerate research and permit the user to utilize more intelligently 
the skill of the industry. 

As a representative of a large purchaser of air and grease filters, the writer has 
been totally discouraged by the inability of the industry to do just what this paper 
advocates. It took the Maritime Commission about five years to establish a satis- 
factory specification covering air filters, holding frames and maintenance equipment. 
During this time most air filter manufacturers had their products tested and rated. 
With the exception of one, all manufacturers had to modify or completely redesign 
their products to meet test requirements at considerable time and expense which was 
borne by the various manufacturers. The irony of the situation is that at the present 
time, less than a year after the final specification was perfected, the entire effort has 
proved to be a complete failure because the only laboratory set up to perform the 
tests is part of a Federal bureau, which now lacks funds and space for the work 
involved. This is embarrasing to say the least. The foregoing experience is prob- 
ably typical. 

The acceptance of a code equal to that recommended by the authors will improve 
the prestige of the industry. The writer has inspected the equipment described and 
discussed the subject with Mr. Farr. In conclusion it must be said that the sincerity 
of this effort is beyond question. 


Joun Howatrt, Chicago, Ill.: It seems to me that as long as I can remember, the 
matter of the standardization of a method of testing air cleaning devices has been 
before this Society. It was thought so much of that some 15 years ago a research 
project was established at the University of Minnesota to carry out this study. 

Following this study, the Society adopted a code for rating air cleaning devices. 
Changes in manufactures and processing developments, however, among which were 
the introduction and the development of electric precipitation, brought the Council 
to the opinion that the code should be modified. About 1939 we threw the code out 
and directed that a new committee be formed to prepare a new code for rating and 
testing air cleaning devices. I was named chairman of that Committee. 

We held a good many meetings in different places. The Committee represented 
the major manufacturers and scientists in the work; we were busy at work on the 
matter when bombs fell on Pearl Harbor. That blew the Committee apart, as it 
did other Committees of the Society, because every one had other things to think of. 

The experience which I had as chairman of the Committee at that time led me 
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to believe that there are certain basic differences and difficulties in the preparation 
of any standard code for testing and rating air cleaning devices. Principal among 
those difficulties | discovered—I think they probably still exist—are two: 

Mr. Farr indicated that the efficiency of the air cleaning devices in his test was 
measured by the relationship between the weight of the dust in the air upstream 
as compared to that downstream. We had arguments pro and con as to whether 
that should be the method of measuring efficiencies, or whether it should be by the 
particle dust count method with magnification, or as he indicated, by the stain- 
ing method 

I think the Committee could have agreed on some standard method of determining 
efficiency, but there is one rock on which the committee split (which could hardly 
be avoided) and that is: What is standard dust? 

The theory was that we should try to get a standard dust that simulated the 
dust that would be met in practice. There is no such thing. The dust in the 
atmosphere in one place at one time of the year is different from what it is at any 
other place at any other time of the year. Sometimes in the country in a dry sea- 
son it is blown from the fields, so that the air is heavy with powdered clay. in the 
city it is laden with pulverized material from the streets, and of course in the city 
it always has some soot in it. 

Each manufacturer has his favorite dust formula, his favorite air velocity and his 
favorite concentrations. There are the rocks on which most of our arguments split. 
One manufacturer’s devices showed better under one condition than another’s. And 
of course the manufacturer must put his best foot forward—he is foolish if he does 
not try to influence the selection of that dust which shows his device to the 
best advantage. 

These difficulties have always existed for we have never been able to establish a 
standard dust that will simulate dust in nature. 

It is possible, however, that some kind of compromise can be worked out and 
it is possible that the committee working on the problem today will come to some 
understanding. However, it will have to be a compromise as no manufacturer will 
agree that any one set of conditions is the best possible. 

I remember that H. C. Murphy, of American Air Filter Co., Inc., used to intro- 
duce his talks on this subject by saying that any filter will take out marbles and 
prove 100 percent efficient in the operation. 

The dust described by Mr. Farr is a dust composed very largely of powdered sand. 
We know the Army had difficulty in keeping the powdered sand out of machines 
used on the Lybian desert. It got in and ground up their tanks in less than a day. 
Perhaps the experiences of Army personnel on the Lyberian desert are responsible 
for the tests reported by Mr. Farr using fine sand as test dust. 

I understand the Society is conducting a definite drive toward establishing some 
code that will be workable and acceptable, so 1 am sure that this paper of Mr. Farr’s 
will at least stimulate that activity. I know | left unfinished business when Pearl 
Harbor startled us. I hope that unfinished business will be completed. 


Avutuors’ CLosure: The point I had hoped to convey is that we should not base 
our test procedures on any particular dust. It is the authors’ feeling that it is best 
not to try to get a single dust for all test procedures. 

As was pointed out, there are different kinds of dust in different localities at diff- 
erent times of the year. The end results will probably be as follows: a test procedure 
which is quite closely specified; perhaps four or five or even a dozen test dusts; per- 
haps mo standard test dust; a procedure by which any particular test dust or an 
actual dust collected in the field can be evaluated for a given type of filter. 

| have been fortunate to be on the new Technical Advisory Committee on Air 
Cleaning, and I have been pleased to see that we are getting away from argument 
about what type of test dust to use. I think every one on the Committee is con- 
vinced that it is a problem which we are not even ready to evaluate until we get 
our test procedure lined up. 

Also to be decided is the method of evaluating: whether to use the weight method, 
the light method or the particle count method. The tendency in the Committee is 
toward development of a test procedure using two or three different methods, as for 
instance: by weight, by particle and by discoloration. 


No. 1335 


ECONOMIC AND TECHNICAL ASPECTS 
OF THE HEAT PUMP 


By W. E. Jounson*, BLoomFie.p, N. J. 


INCE the spotlight of publicity has been focused on the heat pump, it is 

often believed that the technological advances of the war years will now 
make this development a practical product that many people can own. Actually, 
all the evidence indicates that the advent of the heat pump depends much more 
upon economic factors than upon technological advances. 

This paper gives a brief discussion of the field of usefulness of the heat 
pump and a more detailed discussion of the technical and economic problems 
associated with its application to residential air conditioning. 


APPLICATIONS OF THE Heat Pump 


Industrial Applications: Because of a plentiful supply of ordinary fuels in 
this country the heat pump has not been used in industry to the extent which 
is possible. In this respect United States practice may be contrasted very 
sharply with that of Switzerland where ordinary fuels are very scarce and water 
power is relatively abundant. In western and north western United States, 
where water power is plentiful and where coal is relatively expensive, it may 
well be that the heat pump will find increasing use in industrial processes. 

One industrial process in which the heat pump can be applied is that involv- 
ing the concentration of solutions. This includes the concentration of milk, 
fruit juices, the concentration of syrup in sugar refining and similar processes. 
There are three distinct methods by which such a process can be performed 
economically. The first of these and one that is commonly used at the present 
time is multi-stage evaporation. A four-stage system, for example, will evapo- 
rate almost three pounds of steam for each pound of steam used. If fuel is 
inexpensive and if the investment charges are reasonable, this is obviously one 
of the most economical methods. 

Another method of concentration is one in which direct compression of the 
vapor is used. By increasing the pressure of the vapor the necessary tempera- 
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ture differential between the distillate and the solution is obtained. This method 
has been used in Switzerland successfully. It has the advantage of eliminating 
temperature drops between the fluids and the heat transfer surfaces that are 
required with an indirect compression system. This system is shown schemat- 
ically in Fig. 1. 

A third method, the indirect compression system, illustrated in Fig. 2, makes 
use of separate heat transfer surfaces and a separate thermodynamic fluid in 
a closed cycle. As mentioned, it has the disadvantage of requiring temperature 
differences between the distillate and the heat transfer surfaces in order to 
keep the size of the heat transfer surface within economical limits. On the 
other hand, it has the advantage of a closed cycle, with its freedom from cor- 
rosion and precipitation problems, and in most cases the density of the thermo- 


DISTILLATE COMPRESSOR 


Fic. 1. DISTILLATION BY DIRECT 
COMPRESSION 


dynamic fluid is such that a physically smaller machine can be used than that 
required by the direct compression system. 

Many of the dehydration processes such as those used in paper mills, fruit 
drying, seasoning of lumber, etc., can be most economically performed by the 
moderate use of heat together with a large movement of air. In particular 
cases, however, if a great deal of heat is being wasted it may be economical 
to pump this heat back into the system with a heat pump. 

In this paper it is not the purpose to discuss industrial applications of the 
heat pump fully but merely to mention them as part of the background. 

Commercial Applications: Commercial applications of the heat pump may 
be defined as applications to those businesses in which service to customers is 
performed more or less directly and in which the profit motive is the strongest 
in determining whether a heat pump should be applied. These include office 
buildings, theaters, restaurants, beauty parlors, hotels, department stores and 
other commercial establishments in which the comfort of customers and effi- 
ciency of employees are determining factors in the business. 

The most important technical difference between the commercial installation 
and a residential installation is that practically all commercial installations have 
a relatively much greater internal generation of heat than a residence. This 
heat comes from lights, heat given off by people, from cooking and from other 
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sources. It reduces the requirement for heating in the winter and increases the 
requirement for cooling in the summer to such a degree that the economics of 
heat pump applications are completely different from those for residences. This 
is illustrated by a theater application shown in Figs. 3 and 4. 

The place that the electric heat pump will take in this market is a matter of 
much speculation at the present time and it is doubtful whether anyone can 
predict with accuracy the course of this development for the next few years. 
However, it is certainly helpful to look clearly at all the problems involved so 
that the industry can at least chart its course for the immediate future. It 
is the principal purpose of this paper to discuss the problems of the heat pump 
when applied to residential air conditioning. 


Fic. 2. DISTILLATION BY INDIRECT 
COMPRESSION 


TECHNICAL—ECONOMIC PROBLEMS IN RESIDENTIAL AIR CONDITIONING 


The Temperature of the Heat Source: There are two important kinds of 
heat source that must be clearly distinguished in any heat pump application. 
First, there is the heat source of variable temperature in which the tempera- 
ture of the source decreases as the weather gets colder while at the same time 
the heat loss of the house is increasing. Second, the important classification is 
that in which the heat source is substantially constant or in which the tempera- 
ture of the source will not suddenly fall below a satisfactory value. 

The only common example of the first type is that in which outside air is 
used as the source of heat. Air as a source does not fall in the second class 
excepting in very temperate climates. The kind of heat source has a profound 
effect on the economics of design and this effect will be shown in more detail 
later. The major effect of a variable source such as air is substantially to 
increase the maximum displacement rate required by the compressor whenever 
the design temperature goes below approximately 30 F. Design temperatures 
below 30 F are common throughout most of the United States. Some ideas of 
the geographical areas in which air-to-air residential heat pumps will be prac- 
tical can be obtained from the map shown as Fig. 5. 

A second major effect of the variable temperature heat source is to require 
a larger motor than would otherwise be required. It should be noted that the 
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size of the heat transfer surface is not appreciably affected for any given heat 
loss. However, the extra displacement and the larger motor size together 
introduce some difficult problems in providing the automatic capacity modulation 
required, and they aggravate the problems of maximum electrical demand and 
the problem of starting without excessive currents. 

Because of the inherent difficulties of using air as a source of heat, a great 
deal of emphasis has been placed recently upon the use of heat sources that fall 
in the second class (essentially constant temperature). Some of these are dis- 
cussed in the following paragraphs. 


The Use of Well Water: Well water when available makes an excellent source 
of heat since its temperature is usually close to the annual mean temperature and 
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its temperature is not subject to sudden changes. The distribution of well water 
temperature over the United States is shown in Fig. 6. The sinking of a well and 
the provision of pumps must be considered, however, as a factor in first cost. Also 
to be considered is the problem of disposal. In some commercial installations this 
problem has been solved by drilling two wells, pumping from one and discharging 
into the other. This is entirely practicable as long as the wells are not too close 
together so that short circuiting can occur with a gradual decrease of temperature 
of the source. For residential heating, disposal by means of an extra well is probably 
not economical. Any extensive use of well water without restoration (pump back) 
would tend, in many localities, to deplete the supply and to give rise to local prob- 
lems of disposal. Other problems arising in the use of well water which is pumped 
directly include the problem of corrosion and the maintenance of pumping equipment. 
The latter is not to be considered lightly when 24-hour service is a requirement. 
For these reasons the use of directly pumped well water as a source of heat is not 
considered very practicable from the long range point of view for residential heat 
pumps, although it is entirely practicable in many commercial installations. 
Underground Water—Not Pumped: \f underground water is available, and par- 
ticularly if it is moving, it is feasible to sink a heat exchanger into the ground in 
the form of a well through which a secondary medium is circulated to pick up heat 
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from the water. This is the system used by one manufacturer. The heat exchange 
fluid may be water, or if conditions require, it might be a special solution. 

The use of underground water in this manner, providing a source of heat at sub- 
stantially constant temperature, has a profound influence on the design of the heat 
pump itself. The large displacement rate characteristic of a low temperature air- 
to-air system is no longer required and the motor can be sized more economically. 
The air side heat transfer surface with its air moving equipment is no longer required 
on the well side of the system and this naturally reduces the overall size. Against 
these advantages, however, must be charged the first cost of the well and the cost 
and maintenance of the fluid pumping element. 

With this type of installation it is important that the presence of underground 
water be known in advance of installation. The chemistry of the water should be 
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investigated in relation to the metals used, and it should be determined whether the 
underground water is moving or stationary. A very slow movement will, of course, 
make available great quantities of heat, but if the water is actually stationary there 
is some danger of freezing, and this might not be discovered until the most severe 
weather has caused the maximum demand to be placed on the well. 

Earth as a Source of Heat: While the earth under some conditions is a practical 
source of heat, there are probably some misconceptions about its use. The heat that 
flows from the center of the earth and through its crust apparently comes through 
at an exceedingly slow rate. Dr. E. N. Kemler in his recent paper on Properties of 
the Earth gave an interesting tabulation showing the wide range of conductivities 
that have been reported for different kinds of earth under different conditions of 
moisture. These conductivities ranged all the way from 0.2 to over 2.0 Btu per (hr) 
(deg) (it). If a conductivity of 0.5 is assumed, it would require several acres of 
ground to supply heat from the center of the earth at the rate required for a six 
or seven room house. 

In practice, if the evaporator tubes are sunk into one or more trenches 3 to 6 ft 
below the surface, the amount of heat picked up from the center of the earth will 
be almost negligible. 
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When the earth is used as a source of heat the true source is the sun which 
provides radiation and warm convection currents to heat the surface. The flow of 
this heat, of course, has a tremendous time lag. Nevertheless, it is this source, or 
heat from underground water, which is used to replenish the heat drawn from 
the earth by a heat pump. 

The Use of Water Storage: An air-to-air system making use of water storage 
for peak load conditions has been proposed many times in the past. While this 
system is workable it may have an economic disadvantage in that it combines most 
of the complexity of the air-to-air system with the additional first cost of a water 
storage system. Its chief advantage lies in reducing the size of the air-to-air heat 
pump required because it is capable of handling severe peaks of short duration. 

Other Methods of Obtaining a Constant Temperature Source: Other methods of 
maintaining a reasonable temperature at the heat source have been proposed. One 
of these methods is the use of an air-to-air system with city water during peak load 


Fic. 5. THE UNITED STATES 


conditions. One of the difficulties of this system is that city water in many localities 
may get very low in temperature so that excessive quantities must be used. If the 
water is used as a spray on the outside air heat transfer surface, it tends to aggravate 
the defrosting problem. 

Ice storage is another method that has been proposed and which can be used in 
much the same manner as water storage, since the ice in forming yields its latent 
heat. This system is beset with the well known problems of freezing ice, and allowing 
for its expansion. 


Errect oF CLimate, Source oF HEAT, AND INTERNAL Heat Loap on 
First Cost 


This leads to the crux of the heat pump problem. This problem is one of 
determining the design that will give the most economical first cost considering 
the effect of climate, the nature of the source of heat and the influence of 
internal heat load in the building. 

This problem has not yet been solved, and it is very probable that the best 
solution will not appear until a sufficient number of installations of different 
types of machines have been made to provide the answer. However, it is pos- 
sible to gain some perspective of the problem by studying the cost trend of an 
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air-to-air heat pump as a function of the winter design temperature. The results 
of an elementary study of this kind are shown in Fig. 7. 

The cost figures shown in Fig. 7 are purely relative values taken from an 
arbitrary base of $500 per nominal horsepower at a 40 F winter design tem- 
perature. Fig. 7 is also based on the heating and cooling requirements of a 
small house that would require 50,000 Btu per hr of heating at a 10 F outdoor 
temperature. 

The first significant point to note is that the cost of the machine is determined 
equally by the summer cooling and by the winter heating requirements down 
to an outdoor temperature of 40 F. Below this temperature the cost of the 


Fic. 6. APPROXIMATE WELL WATER TEMPERATURES AT 
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equipment is determined by the heating requirements because it must be larger 
than would be required by the summer cooling demand. This does not mean 
that the equipment is necessarily uneconomical at temperatures below 40 F 
when compared with a water-to-air system. Any comparison with a water-to- 
air system must take into consideration the first cost of the weli and its aux- 
iliary equipment. 

The second and most important observation that may be made by referring 
to Fig. 7 is the very substantial effect of an internal heat load. If it is assumed 
that this same structure were used for commercial purposes and if in such 
use an internal load were generated sufficient to maintain a 15 F differential in 
the winter, and with ventilation excluded, it will be observed that the cooling 
requirements in the summer are substantially increased and that an economical 
balance on first cost can be reached when the unit is applied for heating at 
outdoor temperatures down to 12 F. 

The actual effect of internal heat load varies widely among different com- 
mercial installations and the points of economical balance for the first cost may 
vary widely from those shown for a typical small house in Fig. 8. However, 
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the effect of an internal heat load such as is commonly encountered in commer- 
cial installations is fundamental and will often be of sufficient magnitude to 
have a major effect on the economics of the first cost. A particular case which 
confirms this conclusion was previously shown in Figs. 3 and 4. These figures 
illustrate a heat balance for a particular theater in which a very good balance 
was obtained for a 95 F summer design temperature and a zero F winter design 
temperature. 
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Before leaving this subject perhaps a word would be in order concerning 
the manner in which the cost trend shown in Fig. 7 was determined. The 
assumptions involved were these: 


1. At the 40 F design point a cost to the user (less installation) of $500 per com- 
pressor horsepower was assumed. This figure is arbitrary and does not necessarily 
represent the true price of any particular unit. It is used only as a base point. 


2. The total cost of the machine at the 40 F point was assumed to be divided 
equally among: (a) heat transfer surface; (b) motor compressor and its accessories; 
(c) structure, controls, and air moving equipment. 


3. The costs of the foregoing three components were assumed to vary in the 
following manner : 


(a) Since the physical size of the heat transfer surface is determined by the demand for heat, 
the cost of this component was assumed to vary in direct proportion to the heating demand at 
temperatures below 40 F. 

The variations in heating demand are shown in Fig. 8. 

(b) The cost of the motor compressor combination was assumed to vary as the first power of 
the required motor output. Ordinarily the cost of the motor compressor will not increase at so 
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fast a rate with respect to its rating. In this case, however, the increase in displacement rate 
of the compressor and the complications introduced by requir for capacity modulation at 
the lower outdoor temperatures would increase the cost at a rate faster than normal for this class 
of apparatus. Fig. 9 shows the manner in which displacement rate and compressor horsepower 
increase as the design temperature is decreased. It will be noted that the increase both in 

displacement rate and in motor power is very substantial. az 


(c) The cost of other elements was assumed constant. 


On the basis of this approximation, there is shown the very substantial differ- 
ence in the economical winter design temperature for an air-to-air system that 
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can be brought about by a moderate internal heat load such as may be encount- 
ered in a commercial installation. 


THE OF DELIVERING Low GRADE HEAT 


One item that must be watched closely in the application of a heat pump is 
the cost of moving the air stream. Typically in a heat pump installation, the 
rate of air flow required to deliver heat to the house will be approximately 
twice that required in an ordinary automatic warm air conditioner such as 
an oil fired warm air unit. If the ducts are unchanged over those used with 
an ordinary heating system, the power required for circulating the air will be 
excessive. Even when the ducts are designed for reasonably low velocity, the 
power requirements will be higher than those of a more conventional warm 
air heating system. These relations are shown in Fig. 10. 

Any substantial increase in power for moving air decreases the coefficient of 
performance, and this problem is serious enough to make a heat pump unattrac- 
tive unless the system is designed for low pressure drop. 
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OPERATING EconoMy 


As a general statement it appears that in most localities and for moderate 
winter design temperature the heat pump can be competitive with other fuels 
on the basis of operating costs at a power rate of one cent or less per kilowatt 


1. Fuet Costs ror HEATING—NortTHWEST UNITED STATES 


| | | 
EQUIVALENT 
caT T Erriciency | Cost PER | | POWER COST 
PRICE | | — Cost* | 
Bituminous | | | COP =35 
Coal $9.00/Ton 20,000,000 /Ton 65 | $0.69 | $115 $0.0082 /kwhr 
Oil 0.09 /Gal 140,000 /Gal 75 0.86 | 138 | 0.01/kwhr 
Gas, Mid 0.60/Meu ft 140 234 0.017 /kwhr 


570/cu ft | 75 


4 a Maximum demand = 85,000 Btu/hr; design temperature = + 10 F; heating season = 4500 degree- 
ays. 


hour. Tables 1 and 2 tabulate the competitive costs of electricity against some 
commonly quoted prices of other fuels. 


It should be emphasized in this connection that overall seasonal weather con- 
ditions will have a great deal to do with the operating economy. A heat pump 


2. Fuet Costs ror HEATING—NorRTHEAST UNITED STATES 


! 
| Erriciency | Cost PER 
B | ANNU P Cos 
PRICE Con | cus rox HEAT 
Anthracite COP = 3.5 
Coal (Stoker) | $11.10/Ton 27,000,000 /Ton 65 | $0.63 $126 =: 0.0075 /kwhr 
Oil 0.087 /Gal 140,000 /Gal 75 ; 083 | 166 | 0.001 /kwhr 
Gas, Natural | 0.75-0.38/ 1,050 /cu ft 75 0.95-0.48 | 190-96 | 0.011-0.006 /kwhr 
Meu ft 
Gas, Mfd 0.65 /Meu ft 550/cu ft 75 1.58 316 = 0.019 /kwhr 


Peas demand = 100,000 Btu/hr; design temperature=0 F; heating season = 5400 degree- 
ays. 


with a relatively low coefficient of performance at its design point may never- 
theless compare favorably over an entire season if the design conditions are 
of short duration. 


The cost of operating auxiliaries has already been mentioned in connection 
with the problem of delivering low grade heat, and the cost of operating blow- 
ers or water pumps will be found to be a significant item. 

Another problem influencing the operating economy of the heat pump is the 
ratio of its peak load to its average load which may, in certain localities, impose 
unfavorable demand charges. These will, of course, vary with the locality and 
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with the effect on the utility’s distribution system. The use of a constant tem- 
perature source of heat such as well water is favorable from this point of view 
excepting in very temperate climates. 

It will be noted in Fig. 11 that the maximum electrical demand will be sub- 
stantially higher than the power required at the design point. This graph 
shows the results computed for an air-to-air design provided with capacity 
modulation in steps of 25 percent down to 25 percent of full compressor dis- 
placement. 

It is difficult, at the present stage of the heat pump business, to give statis- 
tically averaged and authentic figures on actual operating costs. As a matter 
of interest, however, studies of two commercial and one residential installations 
gave power consumption rates ranging from 1/2 to 2/3 kwhr per degree-day 
per installed compressor motor horsepower (installed power of auxiliaries not 


included). 


OTHER TECHNICAL PROBLEMS 


It has previously been emphasized that the important problems of the heat 
pump are primarily economic in nature. This does not mean that there are not 
a host of other problems that need attention and that will arise in any specific 
design. These other problems may all be considered minor to the extent that 
technical solutions are possible. For completeness some of these problems are 
mentioned in the following paragraphs: 


Automatic Defrosting isa necessity on air-to-air systems. This has been a com- 
mon problem in conditioned air coolers and there is no reason why it cannot be 
satisfactorily solved in the heat pump. 


Automatic Capacity Modulation is a necessity on almost any design of heat pump 
and must cover a wider than normal range in an air-to-air system designed for low 
temperatures. A control problem in connection with this, arises from the fact that 
the response must reverse from summer to winter conditions. 


Automatic Switching from heating to cooling and vice versa is at least a desirable 
feature and will probably be a necessity. In mild weather, particularly, people do 
not remember to move manual controls and as a result they suffer some discomfort. 


Compressor Unloading and sequence starting of auxiliaries appears to be essential 
if single phase power is to be used and if starting currents are to be kept within 
acceptable values. 


Automatic Reversal of Refrigerant Flow is one of the most attractive means of 
reversing the cycle from heating to cooling. With single coils, however, the sys- 
tem will tend to trap oil in one direction or the other and additional complications 
of the circuit are necessary to prevent this. 


The Dissipation of Losses from Auxiliary Motors is an important one since it 
is desired to dissipate these losses into the house air in winter and into the outside 
air in summer. 


Noise and Vibration are well-known problems, particularly in household appliances 
and equipment. The installation of equipment using several installed horsepower 
while maintaining noise levels in the order of 50 db is no easy task and is a different 
problem than that imposed by the usual commercial installation. 


Serviceability is a vital requirement for any piece of equipment in the home on 
which the occupant is depending for his source of heat. Any heat pump that is 
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designed for use in a home must be designed for rapid and efficient service so that 
operation can be resumed on short notice in case of failure. 


EFFECT OF RESIDENTIAL HEAT PUMP ON ECONOMICS OF POWER DISTRIBUTION 


One of the most attractive features of the heat pump to the electric utility 
is its potential load building capacity. This is illustrated in Table 3 which shows 
an estimate (given by Philip Sporn!) of the annual electric power consumption 
in a typical home with and without a heat pump. 

As mentioned previously, however, the heat pump itself may have unfavorable 
demand characteristics under certain circumstances. Moreover, during the early 
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stages while this type of load is developing, the effect on an electric distribution 
system is apt to be spotty and economically unfavorable until this type of load 
builds up. Fig. 11 shows the kilowatt demand plotted against outside tempera- 
ture for a single unit. The increasing demand for a group of heat pumps in a 
small area will, of course, have better demand characteristics. 

Another problem connected with the economics of power distribution is that 
of the seasonal load. In many areas heat pump installations will improve sea- 
sonal load characteristics. There are some areas, of course, where this may not 
be true, such as in the Gulf States where summer air conditioning may absorb 
the greatest load. 

The common lack of three phase power in the suburban areas of cities is a 
vexing problem both to the manufacturer and to the user who must pay for 
the higher cost single phase motor and starting equipment. There appears to 


1 President, American Gas and Electric Service Corp., New York, N. Y. 
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be no immediate change in prospect so far as the distribution of three phase 
power is concerned because of the greater investment outlay that would be 
required by the utilities. Consequently, heat pumps for residential service must 
for some time to come be designed for single phase power supply. 

In many areas the advent of heat pumps will require the strengthening of 
secondary distribution and the addition of higher capacity transformers. It 
is presumed that the electrical utilities will be willing to make the necessary 


TaBLe 3. ENERGY CONSUMPTION—KWHrR PER YEAR 


CLASs OF ELECTRICAL APPLIANCE WITHOUT WitH 
Heat Pump Heat Pump 

Lighting, Misc. Appliances......................:::sscsee0e 346 346 
Range........... 975 975 


investment for strengthening the distribution system if it appears that the heat 
pump will offer a profitable load. 


MARKETING AND SERVICE PROBLEMS 


Advantages of the Heat Pump to the Home Owner: Among the actual and 
potential advantages that a heat pump offers to the home owner may be men- 
tioned the following: 


1. A heat pump will furnish heat that will be clean and free from odor excepting 
such odors as may be acquired on wet surfaces during summer air conditioning. 


2. If desired the chimney can be eliminated, thus saving a substantial item of 
construction cost. 


3. For those who are willing to break with precedent, fixed double glazed windows 
can be used and giving the immediate advantage of storm windows and eliminating 
the cost of the sliding sashes. 


4. Properly applied to avoid drafts, low grade heat will probably give greater 
comfort and less sensation of heat and cold than the higher grade heat normally 
supplied by conventional heating systems. 
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5. A single piece of equipment provides the air conditioning for both summer and 
winter and this brings with it the advantage of dealing with a single service 
organization. 

6. A single utility is used, saving the nuisance of additional fuel bills, and there 
is no fuel delivery problem. 


7. There are no waste products to dispose of. 


8. The heat pump will deliver heat quickly since it does not involve the time 
lag necessary for warming up a boiler or furnace. 


Most of these advantages to the ultimate user are real. They will be appre- 
ciated and can be sold. However, it must be realized that the service which the 
heat pump offers is a service that can be obtained efficiently by other means now 
available. It does not at the present time compare as the automobile does to 
the horse and buggy. Consequently, it is doubtful that a substantial residential 
market will develop unless heat pump prices are reasonably competitive with 
other available means of providing year ’round air conditioning. 

Influence of the Housing Situation: There are factors in the present housing 
situation which will tend to retard the use of heat pumps in home heating. 

As mentioned previously the delivery of low grade heat requires a different 
design of duct system from that commonly used in present construction. As a 
consequence the installation of a heat pump in existing construction will tend to 
be expensive. 

The basic economics of the heat pump indicate that its use in the home will 
almost certainly be limited to those installations in which the home owner desires 
summer air conditioning. A person in this financial class, if he already owns his 
home, will in many cases have it equipped with automatic heating and there 
may be little incentive for him to replace his existing system, particularly if it 
is relatively new. 

Another factor in the housing situation is that a large percentage of present 
housing construction is being initiated by contractors for resale, the socalled 
speculative building. It is developing so much pressure on the price of homes 
that there is almost certain to be a corresponding pressure to reduce the per- 
centage of cost represented by the heating plant. It is therefore unlikely that 
a speculative builder will install a new, relatively untried, and more expensive 
system except in the few cases where a prospective owner might specifically 
authorize it. 

One factor in the housing situation which is favorable to the heat pump is 
the current interest in panel heating. This makes use of low temperature heat 
and thus tends to become a natural partner of the heat pump. Unfortunately, 
panel heating cannot be easily used for summer cooling, but there are ways of 
accomplishing the summer cooling while retaining the advantage of panel heat- 
ing for the winter operation. 

In general, it seems fair to state that the immediate housing situation with 
its emphasis on low cost housing is not favorable to the use of the residential 
heat pump. Over the next few years, of course, this situation will improve as 
individuals are able to build the kind of houses they want at reasonable prices. 

The Need for Building a Service Industry: If heat pumps are to be sold for 
home use, it will be necessary that an efficient service industry be available. 
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Moreover, during tl. initial period, while acceptance of the heat pump is grow- 
ing it will be necessary to provide such service for thinly distributed installa- 
tions. This problem would place a severe economic drain on any company that 
tried to extend its sales beyond its normal service area unless satisfactory 
arrangements could be made with independent refrigeration or air conditioning 
services establishments. 


CoNCLUSIONS 


It is with some hesitancy that any conclusions are drawn on a subject as 
complex and dynamic as this one; nevertheless, conclusions there should be if 
we are to make the kind of progress that should be made in the next few years. 
It is recognized that these conclusions are necessarily of short range for the 
simple reason that many of the problems of the heat pump have not yet been 
actually solved and their solution will almost certainly bring some changes in the 
general outlook. In addition there are the uncertainties of our general eco- 
nomic situation and these too may drastically change any picture that is drawn 
today. With these reservations, the following are the conclusions that seem to 
follow most naturally from this study: 


1. The operating cost of the heat pump will ordinarily be competitive with that 
of other fuels in areas of low power cost. 


2. The use of heat pumps in industrial processes will depend on the economics 
of each individual process and upon the economics of the region in which the plant 
is located. There is probably a good potential market in this field, although in this 
country it will be limited by the relative abundance of natural fuels. 


3. The fundamental economic problem of the heat pump, as applied to a resi- 
dence, is that of its first cost which is related to such technical problems as the selec- 
tion of the source of heat. It is emphasized that this problem has not yet been 
solved and probably will not be solved until competitive designs of several types 
have been applied over a sufficient area to determine the economics involved. It 
is very likely that both types of units (air source and water source) will find their 
own best markets. 


4. For year ‘round air conditioning in the home the most favorable market for 
the heat pump will be found: 


(a) In those geographical areas where the design heating requirement most nearly equals the 
design cooling requirement. 

(b) In those cases where the home owner desires and is willing and capable of paying for 
summer air conditioning. This places the market in the field of higher priced homes. 

(c) In those cases where new construction is being made by the home owners themselves. In 
existing construction the cost of replacing existing equipment will tend to discourage the use of 
the heat pump. 


5. There are fundamental and significant differences relating directly to the 
economy of first cost that differentiate the commercial installation from the resi- 
dential installation. In general these differences strongly favor commercial installa- 
tions for the application of heat pumps, and because of this it is believed that the 
commercial market will develop most rapidly and will tend to pave the way for use 
of the heat pump in residential heating. 
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DISCUSSION 


G. B. Priester, Baltimore, Md.: I think that the author has presented one of the 
most down-to-earth and unbiased summaries that has been written on the widely 
publicized subject of the heat pump. 

The revived interest following the late war in this most fascinating application 
of refrigeration principles has stimulated so many to expound and predict, too often 
over enthusiastically, and many times in a man: rc that tends to mislead the reader. 
Those of you who tried to keep abreast of developments in this field have found 
it quite a task to read the great quantity of printed matter on this subject that has 
appeared in technical reports, in books, in American and in British technical and 
trade journals, in magazines such as Readers’ Digest and Better Homes and Gardens, 
in the Wall Street Journal, and in numerous newspapers throughout the country. Of 
course, I believe that vision and enthusiasm and dreaming are required in order to 
produce progress, but it also requires engineers with their feet-on-the-ground to keep 
this progress on-the-beam. This paper should bring back to the fold those that might 
has strayed or have been lured away by some of the rosy picture stories that 
have been written. 

There are many practical and satisfactory installations of the heat pump some of 
which I have seen including one that has been operating for over 10 years. There 
remain, however, many problems to be solved before a mass market can be created 
particularly in localities north of the 35 deg latitude parallel. 

The author has made a few general statements some of which I would like to 
confirm by reporting what we have found out in Baltimore. 

Preliminary reports on using a coil in the earth to supply the heat appeared to 
some of us to offer practical possibilities. Before carrying out any experimental 
work, it was decided that certain theoretical calculations would give some idea of 
what might be involved when using the earth as a heat source. This was done 
and a detailed report may be forthcoming. 

Based on reasonable assumptions (and incidentally not on steady-state conditions) 
an extensive series of calculations was made on the flow of heat to chilled surfaces 
of various types, which are in contact with the earth. These calculations indicate 
that when the heat abstracted from the earth comes only from the original storage 
in the earth and when this transfer of heat to the cooling surface is by conduc- 
tion only, the total surface required is too large to be very practical. This is true 
whether the surface is a vertical cylinder driven deep into the earth, or whether 
it consists of a horizontal coil network. These calculations specifically covered the 
initial 20-year period of operation. If the relatively small amount of heat normally 
to be removed from a house by summer cooling is not returned to the earth, the 
amount of surface required is reduced only slightly. 

If the quantity of heat returned to the ground in summer is deliberately made 
equal to that removed in the winter, the earth would then be used essentially as 
a heat storage reservoir rather than as a heat source. Even then, if the contract- 
ing surface is a cylinder, it appears that the surface required would not be reduced a 
great deal. If the heat transfer surface consists of a horizontal coil network that 
would act effectively as a plate, the amount of surface required is substantially less 
than when no heat is returned to the earth. Nevertheless, the surface even for 
periodic storage purposes for use with a very small, well-insulated house appears 
to be over 4000 sq ft or greater than an area 80 X 50 ft. 

In the literature released recently by one of the companies manufacturing heat 
pump units, it is recommended that from 500 to 700 ft of tubing be used with their 
3 horsepower unit. It is further recommended that this tubing be fabricated into 
a horizontal coil network that would cover an area of from 3200 to 4500 sq ft or 
more. If there are any reliable test results available for an actual installation indicat- 
ing that less heat transfer surface than this can be used and still produce a reason- 
able coefficient of performance, we would appreciate being so informed. The installa- 
tion of the above amount of surface represents an appreciable item in the initial cost 
of a heat pump system and is one of the important and currently objectionable eco- 
nomic factors referred to by the author. 


: 

e e 


218 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Of course, there might be special circumstances in which less surface would be 
required. One such condition would be the presence of a substantial movement 
of ground water reasonably close to the heat transfer surface. It is also recognized 
that horizontal coils buried comparatively close to the earth’s surface would draw 
heat from the atmosphere if they are operated at a sufficiently low temperature. In 
such a case, however, the stored heat in the earth is not the actual heat source. 


Mr. Oxpenserc, Springfield, Mass.: Is it not more economical to heat directly 
with electric current during the peak periods? Domestic rates are computed monthly 
starting at a high rate and gradually reduced with increasing load. Prices usually 
quoted are yearly and at a steady rate. 


Joun REYNOLDs, New York, N. Y.: From the point of view of the architect, the 
space problem is everything, and the architect is accustomed to thinking in terms 
of space even more than you heating and ventilating engineers are. The manu- 
facturers and designers of heat pumps will have to work with us architects to get 
the things in the house and to arrange the house to work with the equipment. That 
is about all I have to say about it at this time. 


W. J. Herrman, New York, N. Y.: Two questions asked seem to be parallel and 
I should like to comment. Answering Mr. Oldenberg, both of these things could 
be done, of course, but just as the load factor for the heat pump itself determines 
the price at which you can purchase electricity, so does it determine to a very great 
degree the price at which a gas company could sell gas or electricity for strip heating. 

As a matter of fact, if you attempted to supply any large number of heat pumps 
with auxiliary gas heat from the gas mains, I can just imagine what the gas com- 
panies would think about it. I am sure they would do something about it. I do 
not know quite what, because they have, as you can well see, a very short and 
intense load for which they would have to have facilities installed throughout the 
entire year, and at any normal rate at all, the amount of revenue they would col- 
lect for that energy would be very small, and of course it would just be completely 
unfeasible economically. 

On the other hand, I can well imagine, and it has been suggested and done, I 
believe, a small auxiliary gas unit or oil-fired unit, where the oil or gas is stored 
locally, butane or propane, which might very well provide auxiliary heat for short 
periods, and particularly with commercial installations where the installations are 
large enough to justify a combination of those two kinds of heating facilities. 


H. M. Smirn, Tampa, Fla.: I have been installing air-to-air units in Florida 
this past year. 

We in Florida feel that the heat pump is already here. It is already doing a 
good job, and I am selling it on every job at an average from $400 to $1100 on 
5-ton installations. There are 23 units of various sizes on the systems in and 
around the west coast of Florida. Those 23 units are all sold commercially except 
for five which the Florida Power and Light Co. own themselves. 

The 5-ton units have proved out in most cases to run between $25 and $30 per 
monthly bill, at two cents a kilowatt hour rate. There is no water bill, but there is, 
of course, a cost of pumping water included in that figure. 

The installations have included automobile showrooms, jewelry stores, drug stores, 
restaurants, homes and a variety of other installations. We have figures from the 
last year on these units. 

The power companies have cooperated with me wonderfully in respect to figures, 
and in several cases they have not only had meters showing the demand, but they 
have meters showing the demand on an hourly basis, and they also have it showing 
it on a cycle basis. 

Last year in February we had our coldest year in 35 years in degree days, and 
at that time 5-ton units that had been consistently turning in bills of $25 to $35 a 
month on the cooling cycle dropped to $13.42 in one case and $13.78 in another case. 

We are starting, or we have started checking on the cycle arrangements there, 
and we have found that in the morning these stores were heating, true enough, but 
in the afternoon they were either ventilating or on the cooling cycle, and even then the 
total bill for the month of $13 was not a true figure based on the two cent rate. 
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The unit which I am selling and have sold all last year is an air-to-air unit. As 
it came from the factory originally, it was not insulated except with a little bit of 
cork-paint compound. We found that with a 20 deg temperature difference of the 
air coming through the very large coil of that unit, we had to insulate it to get 
maximum efficiency. 

I have installed a unit in the home of the president of the Florida Power and 
Light Co., and we have worked with that unit very closely to see just exactly what 
would happen in a home. 

The one gap that we have found so far is that during the summer time, when 
the sun is up, the refrigeration cycle runs, of course, and keeps the house perfectly 
comfortable ; but late in the afternoon and during the night when the temperature 
is in the middle 70’s and the refrigeration part of the unit is not running, and 
only the fan circulating air in the house, the make-up air in about an hour or two 
hours would give us a humidity that was exactly the same as that outside. 

One thing that I would suggest to the manufacturers of equipment is that they 
look into the re-heat problem for home units. The average home unit will not do 
any good unless it takes care of the man at night when he comes home, and I would 
like for them to take care of that problem in any units that come out for home use. 


W. M. Wattace, II, Durham, N. C.: In these units that are installed in wells, 
there has been nothing said about the probable flow of the well. 

It has occurred to me that there are a number of wells where the flow is very 
low, and in all probability in a territory such as the middle part of North Carolina the 
flow of water through the ground would be insufficient to carry off the cooling effect. 


E. R. Amprose, New York, N. Y.: I should like to hear Mr. Johnson say some- 
thing about an improved coefficient of performance. In his paper he indicated he 
based his comparative fuel analysis on a COP (coefficient of performance) of 3.5. 
I should like to hear what can be done with equipment from the manufacturing 
standpoint to improve that coefficient. 


AutHor’s Ciosure: Replying to Mr. Oldenberg, who asked whether it was not 
more economical to heat directly with electrical current during the peak periods, 
probably it is more economical as far as first cost is concerned, but not economical 
as far as power is concerned, —at least, over a long run, because the power demand 
or the load factor would be increased adversely; the load factor would be decreased 
by using the direct resistance heating. That method has been used, however. A 
specific installation I recall was in an office in California. I think there was another 
one in Ohio, where some direct heating was used, so it is not an impracticable method. 
It depends again entirely on the conditions and the application. 

I was asked what is meant by saying that houses should be built or designed for 
the future addition of summer cooling with heat pumps. The point to be empha- 
sized is: the heat pump is only one of several ways of providing year ’round air 
conditioning. In certain localities it is entirely practicable to take an existing oil- 
fired heater, put in the refrigerating coils, and attach the compressor and use the oil- 
fired for heating in the winter and the coil and compressor for cooling. 

If the ducts are designed for it and are moisture-proof; if the house is in a 
climate such that the fan on the warm air equipment is large enough for the summer 
requirements, that kind of system will work. In California, where winters are 
moderate, one will usually find that the blower for any normal gas-fired heating 
equipment will be too small to handle the summer air conditioning required, and 
an auxiliary blower or a separate blower is then needed. There are other ways of 
doing it, too. A combination of a furnace and a store cooler is actually on the 
market from one manufacturer. The room cooler is a typical case of trying to get 
room by room air conditioning. That, in combination with ordinary heating equip- 
ment, provides a means of year ’round air conditioning. 

The absorption system is another approach, and equipment of that type is on the 
market. The electrical heat pump is one of several types of year ’round air condi- 
tioning, and the main point I had in mind is that the typical houses of today are 
not yet designed for year ’round conditioning, whether done by heat pumps or 
other means. 
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The humidity problem has not been taken care of as yet; the ducts have not been 
designed so that they are moisture proof; ducts are not balanced for year ‘round 
requirements. If heat pumps are to be installed, larger ducts should be used. 

The entire housing problem needs to be considered from the point of view of 
year ‘round air conditioning in the home, and that is the coming field. I expect 
in the years to come year ‘round air conditioning in the home will be a fairly com- 
mon thing. It will probably come with the heat pump and other means and the 
overall problem needs to be considered by architects, builders, and air condition- 
ing engineers. 

Replying to Mr. Ambrose, the coefficient of performance is that of getting the 
compressor and motor combination so that one can vary the capacity from 25 per- 
cent to 100 percent and still retain the fairly high performance at the lower capacities. 

Typically, a compressor today will have a 70 to 75 percent adiabatic efficiency 
running at rated conditions. 

When the compressor is reduced to half speed, the capacity is reduced by half, 
but the power drops to about 64 percent so that the overall performance, of the 
compressor, instead of being 70 percent, is appreciably less. 

As I remarked before, the heat pump is running at those low conditions of capacity 
over an extended period, which makes the average coefficient of performance for 
the season vary unfavorably. 

Even as we stand now, we think we can design an air-to-air job with about a 
2.8 coefficient, and that includes all auxiliary power, which is quite considerable. 
That is the design point. 

For a typical season, having much mild weather, it will probably increase to 3.5, 
and at certain times in the season it will be appreciably higher than that. 

We do not think this is quite good enough. We are considering various ways 
of getting the capacity modulation; whether more coils should be used at the expense 
of fan power or vice versa. The problem of storage has a very marked influence 
on the problem of coefficient of performance; so also has the heat source, which 
introduces its own problems of investment and maintenance. 
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No. 1336 


A HEAT PUMP IN AN OFFICE BUILDING 


By J. DonaLp Kroeker* anp Ray C. CHEwWNING**, PorTLAND, ORE. 


— first non-utility office building in this country to use the heat pump, 
the Equitable Building, Portland, Ore., completed a few months ago, con- 
tains some unusual features. 

Comprised of 12 rental office stories, basement, and two penthouse levels, the 
building rises 200 ft above the street; is 200 x 100 ft at the street level and 
62 x 200 ft at the third floor and above; has a floor space of 212,000 sq ft, and 
a volume of 2,275,000 cu ft; is the first all-aluminum-clad building in the 
country; and incorporates some unusual architectural features, such as fixed, 
double glazed, column-to-column windows flush with the building faces through- 
out, neither horizontal nor vertical exterior reveals, and utmost flexibility of 
repartioning without affecting electrical and mechanical factors. 


Heat Pump BaAsep ON ECONOMIC FEASIBILITY 


The building is also the first completely air conditioned building in the 
Pacific Northwest. Air conditioning was a basic concept in design of the 
building. Since air conditioning required cooling capacity greater than design 
heating capacity and, since relatively low electrical costs indicated economic 
feasibility, design included the heat pump for both cooling and heating. 

A graphic analysis of net heating load and cooling load, after considering 
diversity due to shading, is shown in Fig. 1. The heating curves shown as 
maximum indicate values prior to taking credit for lights, other internal 
mechanical loads variable sun effect and occupants. The cooling curves shown 
as maximum are for conditions of high outside dew points, widely variable 
within the cooling season. 

A recapitulation of design loads is shown in Table 1. Summer design con- 
ditions are shown in Fig. 2; winter design was based on 10 F. 


DEHUMIDIFICATION A NECESSITY 


Maximum desired room humidity of 55 percent and the latent heat load in the 
space established the maximum permissible dew point of entering air at 56 F. 
* Consulting Engineer. Member of A.S.H.V.E. 


** Office of J. Donald Kroeker. Associate Member of A.S.H.V.E. 
Presented at the 54th Annual Meeting of the American Society or HEeatING AND VENTILATING 
Enorneers, New York, N. Y., February 1948. 


221 


| 
a 
| 


222 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


/ 
STE | MAL 
$ Y, Cuitep WATER / 


x 
IR 
Ye 
NORMAL COOLING X 
By; PRoovcT BEATING \ 


\ 
10 20 30 40 50 60 70 80 90 foto) 
Ovutsif9& TEMPERATURE ~ °F 


Fic. 1. Loap CURVES 


Further, since the temperature of air supplied to the rooms at an outside tem- 
perature below 80 F was definitely higher than 56 F, it was apparent from a 
study of charts similar to Fig. 3, May 28, 29, July 14, 15, and Sept. 4, that 
dehumidification was required. 


Dehumidification is required most frequently in Portland at temperatures 
between 60 and 80 F, accounting for divergences of maximum cooling lines 
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in this temperature bracket, (Fig. 1) and rapid decline in maximum cooling 
load at temperatures below 60 F. 

Decision to use the refrigeration cycle for heating limited the selection of 
air conditioning and heating means and precluded application of a split system 
other than by floor panel heating. The latter was not properly adaptable due to 
difficulty in zoning and unpredictability of furnishings or floor coverings in a 
rental office space. Heating and cooling by air exclusively was the system 
adopted. 


TaBLeE 1. Basic Heat Loap Data 
(In 1000 Btu per hour) 


ToTAL HEaT GaIns 
No. SPACE HEATING 
Loap Sensibl Sensibl Total Latent Total 
to Room Absorbed Sensible | Heat Gain 
1. Basement, Ist & 
Mezzanine.................. 400 500 100 600 100 700 
2 Retewest.......)....... 85 10 45 | 25 | 120 
25 5 30 5 35 
4. Second floor.............. 120 | 320 60 380 | 90 470 
5. 9 Typical floors........ 1215 1944 270 2214 | 432 | 2646 
6. Twelfth floor............ 158 268 30 298 48 346 
7. Pentheese...............:.. 58 90 / 14 104 ll 115 
8. Net Totals......0.00... | 1951 3232 489 | 3721 | 711 | 4432 
9. Ventilation................ 3894 | 475 | 1545 
13. Equipment Load......, 4350 | | | | 6575 


a Reduction of load by use of waste water and recovery of heat from exhaust air for pre- 
heating ventilation air. 


Air CONDITIONING SysTEM DESCRIBED 


Air distribution is provided by means of ducts concealed in furred ceiling 
spaces and ceiling diffusers of a type available in 4-way, 3-way, and 2-way dif- 
fusion. This flexibility in diffusion from any outlet places minimum restric- 
tions on partition placement. 

Air returns at exposures to remove the cold air during heating consist of 
slotted window stools and small grilles near the floors. Return of air from 
interior spaces is provided through perforated flanges of wire gutters used to 
support cold cathode lighting fixtures spaced 8 ft and extending the length of 
the building. Since the structure is of fireproof construction, furred ceiling 
spaces are used as recirculation plenums, Figs. 4 and 5. 
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Fic. 2. SUMMER ATMOSPHERIC CONDITIONS FOR PORTLAND, ORE. 


The air distribution system for a typical floor as a whole is shown in Figs. 
6 and 7. Supply fan and coil equipment for the typical floors are located above 
the toilet rooms, and the exhaust fans over the lobby. These are the only two 
areas on the floors having reduced ceiling heights (Fig. 7). 

Due to dehumidifying requirements, warm and cool plenum systems are 
provided, and air from them is mixed as required by 11 zone thermostats for 
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the typical floors; one for each exposure, one for each corner where there are 
two exposures, one for the interior areas, and two additional zones for the east 
side where shading by a tall building across the street affects heating require- 
ments, Fig. 8. Thermostats, also located to be unaffected by unpredictable repar- 


Fic. 8. CONSTRUCTION VIEW OF THE EQUITABLE BUILDING 

SHOWING SHADING BY OTHER BUILDING, OcToBER 15 AND 

Marcu 1. AzimutH 140 pec at 9:00 a.m., 150 DEG aT 
9:45, 160 pec at 10:30 


titioning, are reset as required from the basement mechanical equipment room, 
where recording and indicating instruments show temperatures at five points 
per floor. One humidistat per floor, also subject to reset from the basement 
mechanical equipment room, controls dehumidification. Alternate thermostat 
locations are roughed in for use in the event thermostats as located are affected 
by nonrepresentative conditions of occupancy. 


— 
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100 Percent OutsipE Air Usep To Errect Economy 


One hundred percent outside air can be used for flushing, if desired, by 
manual control from the mechanical equipment room. Normally it is controlled 
by an outside thermostat reset by a humidity controller to reduce heat pump load 
when the temperature ranges between 60 and 75 F dry bulb and the dew point 
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is roughly below 55 F. The average of the monthly mean temperature being 
53.0 F, much of Portland’s weather falls in this bracket. Many days occur 
irom March to November which are typified by conditions shown for July 1 
to 5 in Fig. 3, during which outside air may be used exclusively for at least a 
half day. The effect of this load reduction on the heat pump is shown in Fig. 1. 


Heat Pump—WATER TO WATER 


The basic scheme in application of the water to water heat pump to the 
air conditioning system described in general is shown in Fig. 9, with the flow 
during the heating cycle indicated. The typical room air circuit occurs on 13 
levels. The heat source is well water pumped from two warm wells, roughly 
150 ft deep, one of 64% F at 195 gpm, the other of 62% F at 450 gpm. The 
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water is then disposed to a 57 F well 510 ft deep. Four condensing units of the 
hermetically-sealed, diffusion-centrifugal, constant-speed type, two of 200 rated 
ton capacity using Freon 11 and two of 70 ton rated capacity using Freon 113, 
are the basic heat pumps. In addition to circulating pumps in separate heating 
and cooling circuits shown, settling tank pumps are used to introduce well water 
from a settling or storage tank into the heating or cooling circuits as discussed 
in following paragraphs. Only basic control valves are shown in Fig. 9. 
The heating or warm water circuit is a closed system when heating is the 
greater, during which time a thermostat in the return, through a step controller, 
determines the number and selection of condensing units to be operated. The 
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Fic. 10. FLow AND CONTROL DIAGRAM, HEATING LOAD THE GREATER 


evaporator or cooling circuit receives well water through settling tank pumps 
in a quantity determined by thermostat T1 in the chilled water return, operat- 
ing valve W1. The chilled water is circulated to cooling coils in the fan units 
and then, after recovering heat from exhaust air and in turn heating ventilation 
air, the water is wasted to the casing of the cool well. The latter is shown in 
further detail in Fig. 10. 


D1aGRAMS TRACED For THREE CONDITIONS 


With condensing unit 1, Fig. 10, in service the upper or condenser section 
increases the temperature of water circulated, supplies the several fan units 
through valve W5, from which the water returns through valve W6 to the heat- 
ing pumps, which supply to unit 1. If the return temperature is too low immer- 
sion thermostat T2, reset by outside temperature, starts additional condensing 
units through a step controller and selector. The system is closed. 
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From the heat source side, deep well pumps DP1 and DP3 in the warm wells 
operate at the command of float switches in the settling tank. Settling tank 
pumps supply water into the chilled circuit through valve W1, modulated by 
Tl, through cooling pumps to the evaporator section of the condensing unit, 
from which the well water is supplied to the fan units, providing cooling, neces- 
sary in some zones at all seasons. Valve SW4 permits by-passing warm water 
through spring-loaded differential-pressure relief valve S4. Valve S3, similarly 
a differential-pressure relief valve, prevents the pumping head from becoming 
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excessive as the head rises due to the use of a single condensing unit. The 
return for the basement coils then passes through a recovery coil in the air 
exhaust stream, picking up heat, and thence to the pre-conditioning coil, where 
ventilation air is heated with the water normally wasted. The chilled water is 
then wasted through relief valve S1 to the casing of cool well 2, indicated 
as DP2. The number of settling tank pumps in operation is determined by a 
flow meter in the pump discharge. 

The use of a recovery coil and preconditioning air with waste water results 
in reduction by one-third of the heating load at design conditions, Fig. 1. 

As heating and cooling loads reach equality (shown at 50 F outside tem- 
perature in Fig. 1), no well water is introduced and heat interchange without 
an outside source takes place. 


CHANGES AS CooLinc Becomes THE GREATER 


As the outside temperature rises further or as cooling load becomes the 
greater, immersion thermostat Tl in the return from the cooling coils takes com- 
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mand of the condensing unit operation through the step controller and selector. 
Certain valves are repositioned and the chilled water circuit becomes a closed 
system. 

During this condition when cooling is the greater and until the outside tem- 
perature reaches 75 F, the flow is as shown in Fig. 11. Deep well pump DP2, 
supplying 57 F water, delivers well water to the settling tank through valve W9. 
The settling tank pumps supply through valve W2 at command of thermostat 
T2 in the warm water return to the condenser of unit 1, thence to the fan units, 
to be wasted through spring-loaded pressure relief valve S2 to the casings of 
deep wells DP3 and DP1, through valves W10 and W11. Recovery and pre- 
conditioning coils are by-passed during this period. The number of settling 
tank pumps in operation is again determined by the flow meter in the settling 
tank pump discharge. 

When the outside temperature exceeds 75 F and heating or reheating for 
dehumidification is unnecessary, the fiow shown in Fig. 12 obtains. Valve W5 
in the warm water supply and W6 in the return are closed, settling tank pumps 
are off, valve W3 is open from the settling tank to the heating pumps which, 
operating at low speed, are controlled by the flow meter in their discharge and 
are used to supply well water. The amount of well water supplied is regulated 
by a low-pressure limit control in the condenser of each heat pump. The con- 
denser circuit by-passes the fan units, flowing to deep wells DP1 and DP3 
through valve W4, and thence through valves W10 and W11. 

An important feature of the heat pump control is the provision to close valves 
in the hot and chilled lines to the individual machines whenever a machine is 
not in operation. This prevents mixing of return and discharge water and also 
avoids the resulting extreme temperatures which would be required from the 
machines in operation to maintain the temperatures at which the thermostats 
T1 and T2 control. 


WATER QUANTITIES AND TEMPERATURES SHOWN 


Approximate maximum water capacities of the pumps are shown in the flow 
diagrams, Figs. 10, 11, and 12. . 

At design heating conditions, 10 F outside, the water leaves the condenser 
at 101 F and returns at 86 F. On the chilled water side, 600 gpm at an average 
temperature of 63.6 F are injected into the chilled return to give 900 gpm of 
58.7 F water, which leaves the chiller at 50.4 F, the cooling coils at 52.5 F, the 
recovery coil at 53.7, and finally the preconditioning coil at 49 F, from which 
600 gpm are wasted and the remainder is recirculated. 

At design cooling condition, 95 F dry bulb, 70 F wet bulb, the chilled water 
supply is 42 F and the return 56.4 F; 600 gpm of 57 F well water being sup- 
plied to the condensers and rejected at 83 F. 


CHANGEOVERS COMPLETELY AUTOMATIC 


Operation under each of the conditions described and shown in the flow 
diagrams is completely automatic. There is no manual changeover of a single 
valve or even switch. 

Automatic control of the system involving the quantities of water used and 
constantly changing conditions prevailing was seen at the outset as the safest 
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and most economical. However, the problems involved in providing automatic 
control in a system as diversified and versatile as any heat pump application 
must be, are extensive. Control diagrams are not presented herein inasmuch 
as they will vary widely with specific applications. 


No Auxit1ary Heat PROVIDED 


Another unusual feature of the heat pump installation is that it has no pro- 
vision for auxiliary heat, which to date has been incorporated in other appli- 
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Fic. 12. FLow AND CONTROL DIAGRAM, COOLING ABOVE 75 F 


cations larger than residential. The capacity required for cooling was so far 
in excess of that necessary for heating, since one-third of the load at heating 
design temperature was provided by waste chilled water, Fig. 1, that no auxil- 
iary source was seen justified. 


Costs DiscussED 


Decision to accomplish heating by means of the heat pump was reached 
after considering first and operating costs, both showing economical feasibility. 

Use of the district steam available in heating coils would have made tem- 
perature control by air mixing from plenum chambers less accurate and would 
have required greater cooling capacity to offset damper leakage. The same was 
seen true, though to a lesser degree, in use of district steam to heat water for 
circulation through the coils in the fan units. The saving in first cost by either 
system was seen as being within one percent of that of the installation as made. 
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Cost of the installation complete was $0.29 per cu ft, or roughly $1,250.00 per 
rated ton. 

While average operating costs cannot be accurately predicted, and were 
expected to vary widely with seasons, reasonably reliable comparisons were 
made. On the basis of a coefficient of performance for heating of 3.5, a 7-mill 
per kilowatt hour power rate, and a weighted value of waste chilled water 
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utilization, a cost of $0.46 per million Btu for heating was estimated. The 
applicable rate indicated for district steam during design was 22 percent higher. 
Steam rates have increased since that time. Power rates declined as late as 
the spring of 1947. 


DETAILED OPERATING Cost ESTIMATES MADE 


During design, as more complete data were developed, the power serving 
company, desirous of investigating operating costs of a heat pump in an office 
building, made the cost estimates shown graphically in Fig. 13. Inasmuch as 
power costs on applicable schedules are based on monthly maximum 30 min 
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sustained demands as well as power consumption, extreme load conditions, both 
heating and cooling, were as important in arriving at costs as were average 
monthly load conditions. Thus, while either average or mean monthly tem- 
perature data might form a suitable basis for consumption computations, mean 
maximum monthly, mean minimum monthly data, or means of the maximum and 
minimum data were proper for determination of demands, since great varia- 
tions in extremes occur monthly. It was therefore determined to base an esti- 
mate on a year having complete temperature history. The year 1940 was chosen 
as representative. Detailed, virtually day-by-day studies were made for this 
year with loads vs temperatures taken from Fig. 1. 


Heatinc Is Larcety By-Propuct 


During all normal heating weather a supply of by-product heat is available 
from cooling, Fig. 1. Had steam been used for heating, this by-product would 
have been wasted. The heat pump made its utilization possible. Further, since 
air conditioning was a requirement, this cooling load was present in any case. 
Actually there was no heating period and no cooling season as such. It was 
difficult to discard the age-honored concept that there must be these two sepa- 
rate seasons and that comfort below 65 F outside must be charged to heating. 
Yet, in this instance, this clearly was not the case. In computing its estimate, 
the power serving company was therefore requested to charge to heating only 
the heating load in excess of the by-product from cooling. Further, on the same 
basis, the company was requested to charge to heating only the portion of the 
maximum heating demand for any month which exceeded the maximum cooling 
demand for that month. 

Another factor apparent on preliminary analysis was that the estimated 
building demand normally occurs at 4:30 p.m. and that, except at design heating 
conditions which do not recur each year, the morning pick-up load does not 
impose the maximum demand, making it necessary to investigate only the 4:30 
p.m. conditions. 


Heatinc COP For REPRESENTATIVE YEAR COMPUTED 


The normal building demand for lights and power, chiefly for elevators, was 
estimated at 468 kw, the monthly consumption at 113,000 kwhr. The constant 
fan load was estimated at 67 kw and 23,692 kwhr. On these as bases, the 
demands and electrical consumptions of the heat pumps were superimposed in 
a graph, showing power consumption, Fig. 13. All power consumption in 
excess of 100,000 kwhr. is billed at 3.15 mills, all demand in excess of 10 kw 
at $1.00 per kilowatt. 

The heating load for 1940 integrated under normal heating curves, plus heat- 
ing accomplished with chilled waste water, Fig. 1, was computed at 5.01 billion 
Btu, the power consumption chargeable to heating at 99,000 kwhr or 340 mil- 
lion Btu. Related to each other these figures result in the fantastic job COP 
for heating of 14.8. Including the auxiliaries chargeable to heating, this job 
COP for heating drops to 7.8. 

Auxiliaries include deep well pumps, settling tank pumps, and warm water 
circulating pumps. Inclusion of the latter in auxiliaries chargeable to heating 
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is questionable, inasmuch as had steam been used for heating, a hot water 
generator would have been provided to furnish warm water for circulation to 
coils. 

In general, in any complex heating and cooling system, a coefficient of per- 
formance is meaningless without detailed specification of division of load between 
heating and cooling as herein attempted. 

In this application, if it had been contemplated to use steam for heating with 
the heat pump adapted independently for cooling, the internal cooling, or the 
minimum cooling requirement shown in Fig. 1, would have been accomplished 
with outside air reheated as required at temperatures below 60 F, and a COP 
materially lower would have been shown. 

Outside air was not used for the internal or minimum cooling, inasmuch as 
to do so would have required equipment arrangement on each floor, encroaching 
on rentable floor space and would have necessitated additional complexity in 
automatic control. 


OPERATING Cost Data BEING COMPILED 


Interest in heat pump application having risen sharply, the power serving 
company is providing extensive metering devices for the heat pump equipment 
in this installation. Thus, with extensive water flow metering and air and 
water temperature recording instruments of the installation, reasonably accurate 
data on actual operating power requirements and costs may be established and 
should be available in the spring of 1949. It is contemplated that frank com- 
parisons will be made between actual operating experience and costs as against 
those predicted from careful analyses during design. 


DISCUSSION 


G. L. Wiccs, Montreal, Que., Canada: I do not know that it is particularly an 
application of the heat pump as such, but there is one combination which appeals to 
me. If you are interested, as I am, in raising heating, you know you can utilize 
water in heating coils at 100 deg or lower, or 110. You can obtain compressors 
with condensing temperatures of 105, 110, or 120. 

We came across a client who wanted a refrigeration system in two floors of a 
building and radiant heating at the top. We combined the compressors and the radiant 
heating, so we took the condensing water off the machines and used that to heat the 
radiant heating coils in the ceiling. That is not very effective in the summer, because 
they do not want heating in the floors, so we put in an evaporation condenser in con- 
junction with the shell and tube condensor and used that during the summer. 

In Canada the situation is not as bad there electrically as one might believe. We 
have quite a different situation from the United States. We have to import fuel oil 
and coal, and we have to use American dollars. They are not scarce here in New 
York, but they are rather scarce in Canada. On the other hand, the electrical situa- 
tion is totally different. We have running river plants, where, whether the electricity 
is used or not, the water is going to get down the river. So we can get electricity 
at 214 mills instead of the seven, which is the lowest on that sheet, and then we 
can use that in the heat pump. Of course, we have the unfortunate situation that 
the water is a little cold in the rivers and the wells. The ground freezes rather 
deeply. But I think the combination of the radiant heating and the machines with 
the running water electricity offers possibilities in Canada. 


| 

| 

| 


238 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


That particular application which we have is one which is just, well I cannot say 
very much about it, but Mr. Avery thought you might be interested in having me 
mention it today. 


Lester T. Avery, Cleveland, Ohio: The pet of the refrigerating engineers is to use 
his refrigerating condensing heat to advantage, and I can think of many installa- 
tions where the heat pump in the wintertime can be used for refrigeration, for ice 
plant work, ice skating rinks, for example, meat packing plants, and the heat of 
condensation used, and it is just for free. We do not have to ask the utility at 
all, because they have to furnish the power anyway. 


K. C. Ricumonp, Chicago, Ill.: Will you tell us what is your electric rate? What 
would it cost to heat and cool the same building in Chicago? 


J. N. Livermore, Detroit, Mich.: How are fresh air tempering coils used for 
warm water protected against freezing? 


AutHors’ CLosure: Answering Mr. Richmond’s first question about electric rate, 
the power rate for power consumed is figured at 3.15 mills per kilowatt hour. There 
is also a demand charge of $1.00 per kilowatt demand. The paper gives complete 
data on the method of computation on the heating costs for the year 1940. 

With reference to Mr. Richmond’s second question, unfortunately, I have no infor- 
mation on power rates in Chicago. I would be glad to compare notes with Mr. 
Richmond later, if he wishes to do so. 

Answering Mr. Livermore’s question, the circuit is something like this at design 
temperature: chilled water is discharged from the cooling coils on the several floors 
at about 52 F. In the ventilation exhaust air, this chilled water is warmed to 54 F, 
and finally, in the ventilation intake air, the chilled water is reduced in temperature 
to about 45 F, which is well above the freezing point. 

Another question asks us to define the coefficient of performance of 14.8. A fifth 
question is: Are cold and hot water wells connected? The heat requirements for 
1940 on which the 14.8 coefficient of performance was given were the total heat 
requirements for the year, computed on day-by-day conditions of outside temperature ; 
this amount was reduced by the quantity, as applicable, of the by-product heating 
available from the cooling, which went on throughout the year, and that difference 
related to the heat equivalent of the power input required to drive the equipment 
gave the coefficient of performance indicated. The paper gives a full discussion 
of this subject. 

The system has two warm wells and one cold well. The warm wells are 150 ft 
deep, and the cold well is 510 ft deep. There are impervious strata between the two 
depths; consequently we feel quite free to pump the water taken out of the cold 
well and used in the condensers during the cooling cycle to waste in the warm and 
shallow wells without any possibility of interconnection. During heating, water is 
pumped from the warm wells and is wasted in the cold well. 
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No. 1337 


A NEW METHOD FOR SELECTING WINTER 
DESIGN TEMPERATURES 


By Crark M. Humpureys*, CLEVELAND, OHIO 


HE FIRST step in the design of any heating system is the calculation of 

heat losses for the building. To a large extent the first cost, the operating 
cost and general satisfaction of the system for years to come will be determined 
by these calculations. 

The accuracy of heat loss estimates depends upon the accuracy of the several 
factors used in their calculation. These factors include the transmission coeffi- 
cients for the various parts of the structure, infiltration values, and the differ- 
ence between outside and inside design temperatures. 

The A.S.H.V.E. TRANSACTIONS give evidence that the importance of accu- 
racy in heat loss calculations has long been recognized. A recent survey indi- 
cates that in the 29 volumes from 1916 to 1944 there were at least 74 papers on 
the general subject. A closer examination, however, shows that at least one 
phase of the subject has been badly neglected by researchers. Of the 74 papers, 
50 pertain to heat transfer through building materials, 22 refer to the subject 
of infiltration, and only 2 deal with winter design temperatures. 

The data contained in the HEaTING, VENTILATING, AIR CONDITIONING 
GuipE, amended in successive issues to keep abreast of progress, show 
that little change has occurred for a number of years in practical knowl- 
edge of design temperatures. The 1923 issue contained a table of 
weather data almost identical in form to that in the latest edition. A recom- 
mendation was included in the 1924-25 issue that the design temperature, “should 
be not more than 15 deg above the lowest temperature on record during the 
last 10 years.” This rule was retained up to and including the 1943 edition. 
The last four issues contain the recommendation that, “a temperature somewhat 
higher than the minimum or the lowest daily mean on record,” be used for 
design purposes. Then, in contrast to this rule, a map of design temperatures 
is included indicating design temperatures which, for a few localities, are 
actually lower than the lowest temperature on record. 

* Senior Engr., A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 


Presented at the 54th Annual Meeting of the American Society of HEaTING AND VENTILATING 
Encrneers, New York, N. Y., February 1948. 
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Perhaps the most effective way of illustrating the shortcomings of one old 
rule of thumb which specifies a design temperature of 15 F above the lowest 
temperature on record during the last 10 years, is to try to apply it literally. 
Under this rule the design temperature for Pittsburgh, Pa., would have changed 
four times during the period from 1926 to 1937, and would have varied from 
+11 F to —1 F. These circumstances are cited to emphasize the need for 
more knowledge and further consideration of design temperatures. 


INFLUENCE OF VARIOUS ERRORS 


To be consistent, the several factors used in the calculation of heat losses 
should be selected with an accuracy proportional to their relative effects upon 
the final results. With this principle in mind, the importance of design tem- 
peratures can be readily illustrated. 

In Table 7 of Chapter 14 in Tue Guive 1947, the heat losses from the vari- 
ous elements of an insulated house are shown to comprise approximately the 
following percentages of the total loss: 


GLass INFILTRATION 


WALLS | CEILING 


An error of 10 percent in the transmission coefficient for the walls, ceiling, or 
glass, or in the infiltration value would result in errors of 3.6, 1.6, 3.7, or 1.1 
percent, respectively, in the final results. An error of 10 percent in temperature 
difference would change the final results by 10 percent. 

The outside design temperature is too important a factor to be determined 
by any rule of thumb on the basis of one cold day. Instead, it should be so 
selected that it will indicate with a fair degree of accuracy the lowest tempera- 
ture which is likely to prevail long enough to occur frequently enough in an 
average winter to justify consideration. 


A.S.H.V.E. Tecunicat Apvisory COMMITTEE RECOMMENDATION 


The Technical Advisory Committee on Weather Design Conditions has 
proposed such a basis of selection, and has defined the winter design tempera- 
ture as that hourly temperature which prevails or is exceeded in not more 
than 971% percent of the hours during the four coldest winter months. Not 
satisfied with just a definition, the Committee has initiated an analysis of 
weather data which will provide both summer and winter design data for 117 
cities throughout the country, and early completion of the work is dependent 
upon the availability of funds. 

While an analysis of this type promises to yield dependable data, the enor- 
mous amount of work required makes it unlikely that design data based on 
this method of analysis can be made available for any but the largest centers 
of population for many years to come. At the present time the data necessary 


| 36 | 16 | 37 | ul 


New METHOD FOR SELECTING WINTER DESIGN TEMPERATURES, BY HUMPHREYS 241 


for such a survey are available for only a limited number of stations and for 
a limited period of time. The present study has been made possible only by 
the fact that most of the work was done by WPA. 

Another logical and less laborious method of design temperature selection 
is urgently needed. Without it, even after the previously mentioned analysis 
is completed, heating design in hundreds of communities will continue to be 
based on some unreliable rule of thumb. This need for an easier method of 
selection points to another important application of the more exact analysis. 
These results should serve as an excellent yardstick for judging the merits of 
any shorter method of selection which may be proposed, or as a useful tool in 
the development of such a method. 


SIMPLER METHOD PROPOSED 


As a first suggestion for a simplification of the Committee’s method of analy- 
sis, it is proposed that winter design temperatures be selected on the basis of 
probable frequency of recurrence of low daily mean temperatures. The winter 
design temperature could be defined as the lowest daily mean temperature 
which is likely to recur frequently enough during the average winter to justify 
consideration. A discussion of the frequencies to be used is given later. 

In 1938 the author, assisted by workers furnished by WPA, made a survey 
of winter weather data for 120 cities throughout the country. United States 
Weather Bureau records! for 23 consecutive heating seasons from November, 
1914, to March, 1937, were studied. Both daily minimum and daily mean tem- 
peratures were analyzed, and the frequency of occurrence of both were tabu- 
lated. The results were originally published as Carnegie Institute of Technology 
Bulletin No. 82. The tabular data which appear in this paper are reproduced 
from this bulletin. 

Table 1 gives the average frequency of recurrence of daily mean and daily 
minimum temperatures for 120 cities. Values given are cumulative, and include 
all of the occurrences of temperatures as low as or lower than the value indi- 
cated. Wherever the frequency of occurrence of daily mean or daily minimum 
temperature is mentioned in this paper, this cumulative meaning is intended. 

Table 2 gives the maximum number of recurrences of daily mean and daily 
minimum temperatures in any one heating season in the 23 year period studied. 
This table was prepared by combining and rearranging some of the original 
data and some of the values given in it are interpolated. In using this table, 
one should remember that it presents a record of the coldest winter in a 23 
year period. 

As an example of the use of these tables, it is found from Table 1 that in 
Cleveland, Ohio, a daily minimum temperature of —1 or lower and a daily 
mean temperature of + 7 or lower may be expected to occur with an average 
frequency of twice per year. Table 2 indicates that a daily minimum tempera- 
ture of —1 or lower has occurred as many as 12 times during a single heating 
season, while a daily mean temperature of + 7 or lower has occurred a maxi- 
mum of 14 times per season. 


1 Climatological Data for the United States by Sections. 
* An Analysis of Winter Temperatures for One Hundred and Twenty Cities, by Clark M. Humphreys. 


242 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


TABLE 1. 


AveraceE NuMBER OF Times Per YEAR DuRING THE PEeriop STUDIED 


THAT THE MinrimuM AND Darity MEAN TEMPERATURES HAVE 
Been As Low As or Lower THAN THE TEMPERATURES INDICATED 


AVERAGE FREQUENCY OF RECURRENCE 
Once in | Once in 
Seaseen 3 Years | 2 Years | Once | Twice | 3 Times | 4 Times | 5 Times 
Temperatures 
| 
= | 3s | = = = 
16) 18) 11) 28) 15) 25) 17) 26; 19) 28) 20) 29 
obile.. 18} 27, 19) 28) 22) 30; 24 33, 27) 35) 28 36) 29 38 
ARIZONA 
Flagstaff -18 -17| 3)-14| 8 —8| 10} 12) —5 13 
Phoenix............ | 24) 38! 25) 39, 26) 40) 27) 41) 28 42) 29 43} 29) 43 
| 29] 39| 29) 40) 30) 42) 31) 44, 32) 45) 33) 46) 33) 46 
Fort |} 12} 25} 18] 12} 21) 14) 22) 15) 23 
Little Rock... 5| 13) 15) 18 12) 20) 14) 22) 16) 23) 18) 25 
CALIFORNIA 
Eureka... | 33) 27) 34) 28) 36) 29) 37; 31) 38 31) 39) 32) 39 
24] 32) 25) 33) 35, 28, 36; 29) 37) 29} 38) 30) 38 
Los Angeles....... | 35! 42! 42| 37) 43, 45) 39) 40) 40) 47 
San Francisco.......... | 33 38) 34, 39) 35 | 36, 41) 37) 42) 38) 43) 39) 44 
COLORADO | | 
—7|—14| -—8 1) 5) -3} 7} -1) #9 
Durango...... —19} 3/-12, 6-10, -8| 9 -7 10 
Grand Junction.. —17| 2 -9 4 -6| 7| 10 
Trinidad*........ —2| —16) 1; -9 4-5) 9 -3) 11) -1) 13 15 
CONNECTICUT 
New Haven.. -6 3) 10; 3} 12) 13] 6 14 
FLORIDA | | | 
Jacksonville........ 21} 22) 32) 25) 35, 28 37| 30; 31) 40) 32) 41 
28} 40! 33) 43) 35 45) 36) 46) 37) 38) 48 
GEORGIA 
5| 15; 6| 16] 11} 20) 14| 23) 16) 26] 27) 19) 27 
18} 26) 20) 28} 22) 32) 25, 35] 27) 36) 28) 29) 38 
IDAHO | | | | 
Lewiston.............. —15| —4|-13} -—5 4 OF 8 3 11) 12 
Pocatello............. —20| —9|—18| —8|—16} 3) -6 5) 7 
ILLINOIS | | | of 
Springfield...... —15| 3) 5} -2) 6 OF 8 
INDIANA | 
Evansville... -7} 1) 3} -1) 10) 4) 12) 6 14 15 
Fort Wayne. : 1, —6) 3, -5 -3 —1 7 
Indianapolis................ -1| -8 2} -3} 8 O} 10 
IOWA 
Keokuk...... —18| —8|—17| —7|—13 2| 4) 5 
Sioux City... —24| —16| —23} —15| —20| —11| —8}—14) —6}-—12| —3 
Concordia............. —15] —6]-14] —5]—10} 2) 3) -2) 6 
Dodge City.......... “| -3]-11] -9} 5} —4| 7] 9] 10 
Goodland... =17| —9|-16| -7}-14) -3)-10 1) -7| 4) 6 8 
KENTUCKY | | | 
Lexington... | 1, -6 2; 5 0 8 210 4 #13 6 15 
LOUISIANA | | 
| 22) 28 23, 30) 26) 33, 29 36, 37, 32; 39) 33) 40 
Shreveport 11 21) 13| 22} 16| 19) 21] 28 23) 30) 24) 31 
Eastport...... -10| -16} —7|-12| -4)-10| 1| -6| 3) -5| 4 
Portland -9) 1 3} 5 -2 6 -1) 8 
Van Buren> | —42) —23| —41| —37) —34 —15, —32) —10 
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TABLE 1. 


AVERAGE NuMBER OF TIMES PER YEAR DuRING THE PERIOD STUDIED 


THaTt THE Datty MINIMUM AND DAILY MEAN TEMPERATURES HAVE 
Been As Low As or Lower THAN THE TEMPERATURES 
InpDICcCATED— (Continued ) 


AVERAGE FREQUENCY OF RECURRENCE 


| Once in | Once in Per Veor 
Years 2 Years Once Twice | 3 Times | 4 Times | 5 Times 
STATION 
Temperatures 
| B 3 3 3 
MARYLAND | 
Baltimore.... 2; 10 11 6 14 9} 16; 10) 18) 12) 19) 13) 20 
-—6| 7} 10 1} 12) 4 14 5) 15) 17 
-7 2} -3 5 oF 2 3} 12) 4) #14 
—10; -5 2; -3 5) -1 6 0 8 1 9 
0} -—7 -1 7 1 9 
| —18} —10}—17| —9} —6|—12} —2| 0 
—23| —32; —22) —29| —20) —26| —25| —14| —22| —12 
—27| —19| —25| —18} —20| —18] —10| —17| —8|—16| —7 
Moorhead.... —35| —32) —24| —24) —15; —23) —14 
MISSISSIPPI 
11; 20) 13) 22); 16) 24) 20) 27) 21) 29) 23) 31) 24) 32 
MISSOURI } 
St. Louis.. -1| -8 1| -3 4 0 8 2} 10 11 5) 13 
-9| oO} 4) 2] 11] 3} 12] 18 
MONTANA | | | | 
Billings —31| —19| —26] —14) —11| —9|—18) —7 
Havre 9| —36) —26| —33| —23| —30| —20| —28) —17| —26] —15 
Kalispell —13) —10) —16] -—3 
EBRAS | 
Lincoln | —6)—13) —3}-—10}) 1 
North Platte —18, —8| —15) —4)-12) -—2)-11 0} —10 1 
NEVADA | 
Logandale 14; 28) 14 29) 16) 31 19} 32} 20) 34) 21) 35) 21) 36 
Reno............ —10 5| 7; -3) 9 OF 13] 2 15) 17 7| 18 
Searchlight* 14; 22) 15) 23) 17; 25: 20) 28) 22) 30) 23) 31) 24) 32 
onopah...... 4 2 7| 13 14 9) 15 
Winnemucca. —25| —8|—24) —-13 4, -8 10) 11 
NEW HAMPSHIRE | | 
—1)-12) 1)-10) 3) 5 -7| 6 
NEW JERSEY 
0 1} 10; 4 13) 7 #16) 9 18 11) 19) 12) 20 
NEW MEXICO 
R Il 9} -—2| 10 2} 14 6) 18 9 10) 12} 23 
-2) 9 OF 11 2} 13) +4) 15 16) 6) 17 
—9| —16| —2| 2) 4| —4) 6) -3) 7 
—3| -5) 3) 5) —1 7; 2, #9 
4) -3) 6) OF 10) 4 12) 6 14 7 15) 8} (17 
9} 10) 11 17; 9 19) 11) 21; 12) 22 
16 8} 18) 11 23) 15) 17 18} 26 
ilm 21; 13} 23) #16) 25) 19) 28) 21) 30 31; 24! 32 
NORTH DAKOTA” 
Bismarck........... —39| —27| —37| —25| —33) —22) —20| —27| —26| —16| —14 
Devil's Lake. —29| —35) —26| —32| —30} —21| —27| —19 
on —39| —29| —37| —27| —34| —24| —31| —20| —27| —19| —26| —18 
-9 1; -5) 3) OF 9 11 3} 12 
Cleveland -—6 2} —4 4, -1 7, #O 8 9 3} 10 
Columb -9 -7 3} 6 8 3 3} 11 
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TasBLe 1. AveRAGE NUMBER OF TIMES PER YEAR DURING THE PERIOD STUDIED 
THaT THE DatLy MINIMUM AND DarILty MEAN TEMPERATURES HAVE 
Been As Low As or Lower THAN THE TEMPERATURES 
InpicaTED—( Concluded) 
AVERAGE FREQUENCY OF RECURRENCE 
Once in Once in Per Year 
3 Years 2 Years Once | Twice | 3 Times | 4 Times | 5 T imes 
| 
STATION 
Temperatures 
= s = = = s = 
OKLAHOMA 
Oklahoma —4| 1) 4] 12) 15] 9} 16) 10) 18 
OREGO 
8|-19| —7|-15} 1) 6] —4 
Medford... 15 1 20} 13} 24] 15) 26] 17| 27] 28 
Portland 15} 12) 16} 19} 16) 21} 18] 22) 19) 24) 21] 25 
PENNSYLVANIA 
Philadel 1} 9} 10} 12} 8 45) 10] 17] 11) 18) 12) 19 
Pittsburgh... | —4 |} —1) 7] i 9} 3 612 
RHODE ISLA? | 
-8 0| 2} 6 0 9 3} 11 12 5 13 
SOUTH CAROLINA | | 
Charleston 17| 23] 18] 25) 22] 29) 25 27| 34 35| 29) 
mbia. 22) 22) 13] 22) 16] 26] 19) 28) 321 22) 31) 24; 32 
| —31| —21| —29] —19| —26| —14| —22/ —12| —20| —9 
—28] —19] —27| —18] —24] —15] —21| —-18] —9]—17] —7|/-15) —6 
TENNESSEE 
8] 19] 12] 21] 14) 23] 15) 24 
Memphis... 8} 6f 12] 15! 11] 18] 14] 20) 15] 22] 16) 23 
TEXAS 
4, 7) 13) 4! 15) 6 17] 8 18 
Brownsville......... 32; 26) 35) 30) 37| 31) 39) 33) 40) 34) 42) 35) 43 
El Paso........ 25, 16} 25| 27| 19} 30) 21| 32] 22) 33] 23) 34 
Fort Worth............. 10} 18} 12) 28) 15] 23) 17] 26) 18} 27| 19; 28 
Antonio 22} 18] 25) 29} 24) 32! 25) 34] 26] 35 36 
Lak Lake City. 1] 2) 12] 14] 7] 15) 8 16 
VIRGINIA 
Lynchburg 0} 13 14 15 8 18 20; 11) 22) 13 
Norfolk......... 9} 16} 10) 17] 13) 20} 16| 22) 17| 24) 19 27 
WASHINGTON | 
19} 15] 20} 23) 19] 24] 21] 26) 23] 28] 24 
—3| -13} —2| 0} 2) 51-1) 7] 9 
Yak 1) 3) +O} 10) 3} 11 
WEST VIRGINIA 
Elkins... 1-14) 1; 3) 6} 8] 10) 1] 12 
Parkersburg... 3| 4 6 0 9 2} 12 4) 13 5} 15 
WISCONSIN 
| —27| —16| —26| —15| —24| -21) —9|~—18] —6|—15| —5 
Milwaukee.................... —18] —10| —16| —9|—14! —5|-11] —9} -7} 2 
WYOMING | 
Encampment® | —30| —12| -22) —6}—17) —1/-14) 4/-10) 5 
—22| —34| —16| —12) -21| —5 
—22| —21| —29| —19| —25| —14| —11|—21| —9|—19| —7 
—33) —29 —18) —25 —20 —9| —4 


a 22 year period 
b19 year period 


_| 
A 
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TasBLE 2. MaximuM NuMBER OF T1MES IN ANY ONE HEATING SEASON THAT 
THE DaiLy MINIMUM AND DaILy MEAN TEMPERATURES HAvE BEEN 
As Low As or Lower THAN THE VALUES INDICATED 


MAXIMUM NO. OF OCCURRENCES PER YEAR 


2 4 6 8 10 12 14 
STATION 
PIS FL Fils] Fis] 8 
3 3 5 3 3 8 3 
ALABAMA 
Birmingh 6} 16; 21; 13) 24) 15) 25) 16) 26) 18] 27) 19 
27; 21) 30; 22) 31; 26) 32) 35) ....) 37] .... 
37| 26) 39) 27) 40) 28) 41) ...) 42) .... 
ARKANSAS 
6) 12) 3) 14, 7 15 8 16] 9 17] 10) 18 
1] 11 14, 8 15) 9 16; 10) 18) 12) 19] 13) 19 
28) 36; 29) 37; 30) 38) 31] 39] 32) 39 
...| 34) 28) 36; 29) 36) 30) 37] 31) 38 
42) 36) 44) 37) 45) 38) 46) 39] 46] 40) 47 
38) 34) 40) 36) 42) 37) 43) 37| 43) 38) 43 
Grand Junction.. —4|—16) 1}-11 -8 4| -7 6) —6 8 
rinidad 6) 8} —1) 10) 12) 
CONNECTICUT 
New Haven -8 5) -3 7| 10 2) 11 4) 11 
FLORIDA 
21} 29) 23) 34) 28) 37) 30) 39) 31) 41 
ampa.. 28} 39) 32) 42) 34) 44) 36) 46) 37) .... 39 
GEORGIA 
5} 14; 10) 19) 11) 22) 14) 24) 16] 25) 17] 27] ..... 
16) 25) 20) 29) 24) 32) 25) 34) 26) 35) 27] 37] 28 
IDAHO 
ILLINOIS 
Cai 4) -3) 6 OF 8 2 10° 3 11 4; 12} 6 13 
—4 —2} -8| 1; 2} -5) 4) 5 
Fort Wayne. —2| —12 0} —10 2} -8 3) 4; -5 4) -5 5 
Indianapolis —10 0| -9 2| 4) -5 6) —4 7 
IOWA 
Dubuque. —10] —17| —9| —7|—14) —4/—12| —3 
Keokuk —7|—14| —5)—12) —1| —9 0 
Sioux 26] —22) —14) —10| —18} —9|—16} —8/—15) —7 
KANSAS | 
—15| 0} -9 1; 2) 3) -3) 4 
Dodge City. —12| 4, -6 6, —4 7| -3 8; .... 
Wichita..... 2) 4 -2; 8 OF 9 1 9 
KENTUCKY 
LOUISIANA - 
New Orleans. 21| 28) 24) 32) 28 23) 29) 35) 30) 37] 32) 39) 33 
“une 9} 18) 13) 22) 15) 24) 18) 25) 20) 26) 21) 28) 23 
Eastport. —23|—12|-16| —6]—12) —2| -8} ...) 2). .... 
MARYLAN | 
Baltimore 0 6 2 8 4; 6) 13 8} 16) 10) 17) 11) 18 
Cumberland. -4 7) 10) OF 11 2} 11 4) 12) 14 
MASSACHUS | | 
-9 2) -—3) 6 OF 9 1} 10 2) 12 
| 
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Taste 2. Maximum OF TIMES IN ANY ONE HEATING SEASON THAT 
THE Daity MINIMUM AND Daity MEAN TEMPERATURES HAvE BEEN 
As Low As or Lower THAN THE VALUES INDICATED—( Continued ) 


Maximum No. oF OCCURRENCES PER YEAR 


2 | | | 2 | 
STATION | | 


MICHIGAN 


—25 
—44 
—26 
—16 
—12) 
—12 
0| 6 5} 10 12 13 9} 14 
Winnemucca —10) —24) —18 1|-14 6) 8 
NEW HAMPSHIRE 
—10) —20) —2)—14) —1|—12 1;—10 2 
NEW JERSEY 
3) -1 7 1 9 3} 12 5) 16 8| 17 9) 18 
NEW MEXICO— 
R 7| —4 #11 1) 16 5) 18 7| 20 9} 22) 10) 23 
-3 7 0; 10 1) 13 3} 15 4) 17 
.| —8) —6 -5 1) 2) —4 -1 6 1 7 
—2| -6} 5) 9) 2} 12) 35] 14) 7) 15 
| 
9 12 4, 15 18 19 19} 10, 20 
15 8 18) 10) 19) 12) 19) 13) 20) 14) 21) 15) 22 
11} 21) 15 20; 26) 21; 28) 22 23) 30 
| Bismarck............. | —34| —30| —22| —28) —20| —27| —18| —26| —17 
Devil's Lake....... —38) —29) —36) —25| —34| —22| —30) —20 
Cincinnati......... 13) —10 -8 2} —6 4) 5) 6} 7 
Cleveland................... -8 1; 3} —4 4) 5) 6| -1 7 0 7 
12) —10 1} -9 2} 4) -2 6; -1 7 
f OKLAHOMA 
Oklahoma City................. -3 5 0 7 3} 11 5) 13 6| 14 #15 
OREGON 
4 —6)—13}) —1)-—11 1; 3) 4 5 
Medford.. 5} 1 17} 11) 20) 13) 22) 14) #24) #15 16} 27 
| Portland 9} 13) 12) #16) 15) 20) 16; 21) 21) 18) 22 
PENNSYLVANIA 
1 8 3} 10 5) 12 8) 16 9| 17) 10) 17 
Pittsburgh 1| 3) —4 5} -3 —2 1 8 
4 Scranton...... —4 5) -—2 -1 8 0 9 
| 19) —3] — 15) 0) —12 2) 4; -9 5) -8 6 


| 


| 
5 5 5 
—10]) — 16] —14) —5) —12) 0 
1} 2} -3} 3} 4) 6) —1) «.... 
Grand —3} —9} 0} -—6) 3) —4) 4) —2) 5) —1 6 
MINNESOTA 
Duluth............... —25] —31] —20] —29] —19) —22/ —11 
Minneapolis........ 28] —21] —26) —18] —22] —16) —21| —13} —11/—18] ...| .... 
MISSISSIPPI 
20) 13] 23] 15) 26) 17] 26) 19) 27) 20; 28) 21] 29 
MISSOUR 
St. —13) —4)—12) —2)—11) —1/-10} 0) —10 1} -9 1 
1; 4) —4 5) -3 6| —2 8} -1 9 
7 2-5 -3 7; OF 8 2 OF...) 21 
MONTANA | 
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TaBLE 2. Maximum NuMBER OF TIMES IN ANY ONE HEATING SEASON THAT 
tHE MINrMUM AND DaILy MEAN TEMPERATURES Have BEEN 
As Low As or Lower THAN THE VALUES INDICATED—(Concluded) 


Maximum No, OF OCCURRENCES PER YEAR 


2 4 6 8 10 | 12 14 
STATION | 
RHODE ISLAND 
ovid 2} 5 8 OF 10} 3 11 12 
SOUTH CAROLINA 
Charleston. «| 24) 17) 26) 21) 29) 26) 32 27 
Columbia 19} 12) 21) 15) 24) 18] 26) 19) 27) 21) 28) 22) 29 
SOUTH DAKOTA 
Huron. —30| —27| —20| —15| —23) —22| —14 
TENNESSEE 
Knoxville. -1; 9} 5 15) 6 17; 8 18 10) 19) 11) 20) 12) 21 
M hi -1 9 4) 12 6) 14 15 16 17] 10) 18 
TEXAS 
4) 8 11 2) 14 3} 16 4 
30} 29) 36) 30) 38) 32 34) 41) ...) 42 
El Paso 11} 22) 16) 27) 20 21; 32) 23 
Fort Worth. 4; 16; 10) 20) 12) 22) 13 13} 24) 14) 25) 16) 26 
San Antonio. 16} 22}; 18; 26) 21) 28) 22) 30) 23) 31) 24) 32) 25) 34 
bed 


Burlington..... —14) —19} —9/—18} —4/—15 —14 
VIRGINIA 
Lynchburg. 2} 14 4, 15 6} 16 7| #17 18 9} 19 
Norfolk.. 6} 13) 10) 15) 12} 17) 14; 21; 16) 22) 17) #23) #18) 24 
Wythevil —6 4| —4 8} 10) 11 0} 12 1} 13) 3 13 
WASHINGTO 
Seattle 14] 18) 16) 20) 18; 24; 20) 25) 22) 26 

0 2 7 

8) 


—5 


...| .... 
—9| -8} 0 


—11 5, -10 
—17|_ -16 


—9! 


The probable frequencies of recurrence of both daily minimum and daily mean 
temperatures have been included in the tabulations because both are of interest 
in selecting design temperatures. The daily mean temperature, however, is 
much more indicative of actual heating load, and therefore, should be a more 
logical basis for the selection of design temperatures. 

It is difficult to justify the common practice of using the same design tem- 
perature for all buildings in a given locality. Actually, the proper design tem- 
perature might be expected to vary with type of construction and with occu- 
pancy. The high thermal capacity of most structures makes it unnecessary to 
consider low temperatures of short duration. It therefore follows that heating 
systems for structures having very low thermal capacity or very high infiltra- 


Salt Lake City 9 2 —7 l —5 4) —1 8 2 12 4 14 6 
VERMONT | | 
2) 4) —4 6| -—3 8 
WISCONSIN 
Green —24] —13} —20} —10} —19} —9}—19} —7| 
-19] —10] —17] —8]—13] —6|/—11] —4]—10] —2 
WYOMING 
—22| —29| —25| —14] —23| -12| -19| —9 


ry 

VINIDUIA | 9°81 HO | 69 | STI spidey purary | 

MAN NVDIHOIINN | 9.0%... 

wa | yedouoy, | FO! 
VQVAUN VNOHV'TNO CGNVTAUVN __VAVAV'IV 
NOLLVIS NOILVLS NOLLVLS NOLLVLS NOLLVIS NOLLVIS 
SI NOISAQ AGISN] AHL 
GNV Add AO V HLIM ANDAY OL ATAMIY ATIVC 
AHL SV NANV], SI NOISA] AI AV(] NO ONILVA}{ NO GVOTHIAQ ATAV 
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tion rates should be designed for a lower temperature, or for a mean tempera- 
ture having a lower probable frequency of recurrence. A greenhouse might bea 
good example of this type of structure. 

The seriousness of occasional slight underheating varies with the type of 
occupancy, and this factor should be considered in selecting the design tem- 
perature. A hospital, for instance, should be designed for a lower outside tem- 
perature than a home or office building. 

A heating system may usually be operated above its design rating to tide 
over an occasional cold day. If design temperatures for all locations were to 
be selected for the same frequency of recurrence, the percentage overload 
which might be demanded in extreme weather would vary widely. In general, 
the higher overloads would occur in the warmer localities, but there are wide 
variations from this rule. 

Since some of the data necessary for the calculation of possible overloads 
are not given in this paper, Table 3 has been included. This table gives the 
percentage overload on a heating system on the coldest day if the design tem- 
perature is taken as the lowest daily mean temperature likely to recur with a 
frequency of twice per year, and an inside design temperature of 75 F is used. 
The temperature of the coldest day is taken as the lowest daily mean tem- 
perature which occurred four times during the 23-year period studied, or 
which may, therefore, be expected to recur with a frequency of approximately 
once in six years. This is consistent with previous discussions concerning the 
use of extremes. 

Table 3 shows overloads of as high as 27% percent. In locations for which 
unusually high overloads are indicated, designers may wish to select design 
temperatures for a lower frequency of recurrence. The effect of such a change 
in selection is illustrated in the following example: 


EXAMPLE BASED ON DaTA FOR NEW ORLEANS, La. 


Item Fahr 


1 Frequency of recurrence of daily mean tempera- 

tures used for selection of design temperatures, 

2 Design temperatures for frequency noted (Table 

3 Temperature difference, 75 F minus design tem- 

4 Lowest temperature to be considered. (Daily 

mean temperature recurring with a frequency of 

5 Design temperature minus lowest temperature | . 

Percent 

6 Overload on cold day. (Item 5 + Item 3) X 100.. 23.1 14.3 


a These values are taken from the original paper? by the author. 
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It may be seen from the foregoing tabulation that the probable overload for 
the city of New Orleans will be reduced from 23.1 to 14.3 percent, by selecting 
the design temperature for a frequency of recurrence of once instead of twice 
per year. A similar change in selection of design temperatures will reduce 
even the highest values in Table 3 to approximately 18 percent, and in all 
except five cases they will reduce to 15 percent or under. 

Table 1 has been presented as a basis for the selection of heating design 
temperatures. The suggested method of determining design temperatures indi- 
cates clearly that it does not eliminate the need for engineering judgment. 
Instead, it affords the engineer an opportunity to make an intelligent selection 
of outside design temperature. 

It is the author’s belief that winter design temperatures recommended and 
used today in most sections of the country are too low. The actual frequency 
of recurrence of daily mean and daily minimum temperatures for a 23-year 
period as given in Table 1 is the best reason in support of this opinion. The 
following reasons are also presented: 


_1. The daily minimum temperature usually prevails for such a short period of 
time that, because of heat storage within the structure, its effect on the heating 
load is negligible. 


2. It is customary to make heat loss calculations and design heating systems on 
the assumption that the system must furnish all of the heat to the space. This is 
never true. Instead, the average building receives appreciable quantities of heat from 
the sun, lights, occupants, mechanical processes, and other extraneous sources. The 
room heaters which have been sized for 100 percent of the calculated room loss are 
helped by the exposed or concealed piping to them. 

3. A system that is oversized is difficult to control and may cause more discom- 
fort in average winter weather than a somewhat smaller system will cause on a 
few extremely cold days. The smaller system will also be lower in first cost 
and will operate more efficiently throughout the heating season. 


This paper has been written to suggest a method of selecting heating design 
temperatures, and to present data to assist in such selection. As indicated, the 
actual selection should be made by the heating engineer who is familiar with all 
facts concerning construction, occupancy, etc. To serve as a general guide in 
this matter, however, it is recommended that the design temperature for homes, 
offices, and similar structures throughout most of the United States be selected 
from Table 1 as the daily mean temperature which may be expected to recur 
with an average frequency of two times per year. For similar buildings in 
locations for which Table 3 indicates unusually high overloads, the tempera- 
ture may be selected for a frequency of once per year. The values shown in 
bold type in Table 1 have been selected on this basis and are the design tem- 
peratures recommended by the author. 

Since it is the difference between inside and outside design temperatures 
which is used in heat loss calculations, a few words on the inside design tem- 
perature may be in order. In the past, it has been customary to use outside 
design temperatures which are too low, and then to correct at least a part of 
this error by using an inside design temperature of 70 F, which is also too low. 
Both inside and outside design temperatures should be selected in a realistic 
manner. It is a well-known fact, substantiated by laboratory research and 
ordinary observation, that very few people are comfortable in a home or office 
heated to only 70 F. The average person in this country finds comfort at about 
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75 F in cold winter weather*. Data are available on the actual dry bulb tem- 
peratures found most desirable for various types of buildings and occupancies. 
These temperatures should be used in design. 


CONCLUSIONS 


1. The daily mean temperature is a better indication of heating load than the 
daily minimum temperature. It is therefore a more logical basis for the determina- 
tion of design temperature. 

2. The design temperature should be based upon the probable frequency of recur- 
rence of low daily mean temperatures, rather than upon the lowest daily mean or 
daily minimum temperature on record. 

3. There is no one frequency of recurrence which should be used for the selection 
of all design temperatures. It will depend upon the type of building or the purpose 
for which it is to be used, and upon local weather peculiarities. 

4. The inside design temperature should be that temperature which will actually 
be maintained in the heated space. 


DISCUSSION 


S. P. Gorrue, Gainesville, Fla.: In 1938, we carried on a project very similar 
to the one presented in this paper, and it is interesting to note that our value, which 
would not be exceeded on over 97% percent of the days, is a few degrees lower 
than the value recommended in this paper. 

Rather than advocate a change of design temperatures, I personally feel that we 
should have more data on the periodic heat transfer of various building construction. 


W. L. FrersHer, New York, N. Y.: In connection with the determination of 
design temperatures, one problem still unsettled is: the effect of wind on the design 
temperature. In other words, the design temperature should not be determined unless 
the effect of wind is taken into consideration. 


G. Lorne Wiccs, Montreal, Canada: Some years ago in Chicago I made an appeal 
that any meteorological data or data design conditions should include Canada, not 
stop at the border of this country. 

Of course, we have weather up there the same as you have here. We also have 
lots of paper that Mr. Humphreys could use to calculate the necessary data. | 
would like to make a recommendation before this paper be published in the 
TRANSACTIONS that at least two or three Canadian Cities having Chapters in the 
Society be included. 

The design data are becoming much more important. With a convectional steam 
heating system, hot water system, or warm air system, a slight error in the design 
basis might not make a great deal of difference. However, in the case of a floor 
panel radiant heating system designed for perhaps a maximum floor temperature of 
85 F, if an error is made in design or if an outside design temeperature is selected 
which is too high, then the floors will be warmer than 85 F when the outside 
temperature approaches the extreme low with a high wind. Thus, the outside design 
temperatures are becoming more important with the more common use of radiant 
heating. 


C. E. Fercuson, Salt Lake City, Utah: As a result of research carried on in 
Army installations during the war, it was found that the amount of available 
sunshine in each locale determined many of the design temperatures, especially on 
the Pacific Coast. 


Joun Everetts, Jr., Philadelphia, Pa.: In the conclusions of this paper, it is 
pointed out that the daily mean temperature is a better indication of heating load 


3 Conditions for Comfort, by Charles S. Leopold. (A.S.H.V.E. Journat Secrion, Heating, Piping & 
Air Conditioning, June, 1947, p. 117.) 


252 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


than a minimum temperature and is a more logical basis for determining the design 
temperature. This differs from the paper by H. E. Landsberg (See Chapter No. 
1338 in this Volume), which indicates that normals or mean temperatures are of 
virtually no particular use. 

In the work that J. C. Albright and I did from 1931 to 1938 preparing summer 
weather data, normals or means were found to be of no value to us. Mr. Humphrey’s 
suggestion that the winter design temperatures be predicated upon the type of struc- 
ture to be heated is an excellent one, and I believe can be set up so as to be of 
advantage to the heating and ventilating engineer. If such information were set 
up in a table of factors, the factors could relate to either a percentage of time 
that certain temperatures exist or the difference between the maintained inside 
temperature and the outside design. 


Autuor’s CLtosure: Mr. Goethe mentioned the need for additional data on periodic 
heat flow through various building construction. From the work that has been done 
for summer cooling, we are just beginning to realize what the magnitude of lag 
effect xiay be. This is one of the reasons why we do not need to seriously consider 
the very low temperatures which prevail for only an hour or so. 

With respect to Mr. Fleisher’s remarks, wind velocity is admittedly important. 
It has not been included in this paper, but might well be the subject of an entirely 
separate investigation. However, the interdependence of low temperatures and low 
wind velocity might be mentioned. In most localities the extremely low tempera- 
tures which are recorded occur when and because there is no wind. On a still, clear 
night, the valley temperatures may drop to ten or even twenty degrees below the 
temperatures on nearby hillsides because of the drainage of cold air into them. Yet, 
because these low temperatures occur with no wind, they probably are no more 
serious than a somewhat higher temperature with wind. 

Mr. Wiggs’ question can be answered by explaining that no Canadian data were 
available. As pointed out in the paper, the data were gathered in 1936, 1937 and 
1938 by WPA workers in the United States Bureau and from United States Weather 
Bureau Publications. It is agreed that the inclusion of data for several Canadian 
cities would have been desirable. 

Mr. Ferguson discussed the effect of sunshine in reducing the heating load. Sun- 
shine is listed in the paper as an important extraneous source of heat which we do 
not consider in our design calculations, but which provides a sizeable factor of safety. 

I readily agree with Mr. Everetts that monthly or seasonal normal or mean 
temperatures are useless in the selection of design temperatures. The careful analysis 
of daily mean temperatures is a very different thing. 

Although Mr. Everetts stated that he and Mr. Albright found mean temperatures 
of no value, their excellent work is essentially an analysis of hourly mean tem- 
peratures. If an analysis of hourly mean temperatures for only a five-year period 
yields such dependable results, surely an analysis of daily mean temperatures for 
a 23-year period is not without some value. 
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No. 1338 


USE OF CLIMATOLOGICAL DATA IN HEATING 
AND COOLING DESIGN 


By H. E. Lanpsperc*, WasuHincton, D. C. 


HE INVENTION of the house is one of the greatest achievements of 

mankind. The main purpose of a house is to afford protection against the 
climate. The ideal house should be designed to reduce the climatic fluctuations 
to a minimum and keep inside conditions always within the zone of comfort. 
For most persons who have to live on small incomes, this ideal has to be 
achieved with a minimum of initial capital and lowest possible operating 
expenses. 

The variation of climate from place to place is, unfortunately, of such nature 
that uniform standards for construction cannot be used. The design values have 
to be adapted to th® climatic conditions actually encountered. If this is not 
done, houses may be constructed with an excessive safety factor. This leads 
to unnecessarily high initial costs. On the other hand, if the original structure 
is inadequate for the exigencies of climate, the operating cost will be excessive. 

Accurate knowledge about the climate of the locality where the house is to 
be constructed is therefore an essential prerequisite for arriving at the best 
engineering solution. 


CLIMATOLOGICAL Factors 


There are manifold basic climatological data that should be considered in 
the planning for houses. The most important factors in that connection are: 
air temperature and derivatives, such as degree days; soil temperature; 
humidity; precipitation, including information on snow loads; wind direction 
and speed, including gustiness factors. In many cases combinations of these 
simple climatic elements are needed and this point will be referred to again. 

The basic data are available for a great many locations in this country. Year 
after year the observations are faithfully collected by many professional and 


*Committee on Geophysical Sciences, The Joint Research and Development Board. 
Presented at the 54th Annual Meeting of the AmericaN Society oF HeaTING AND VENTILATING ENGI- 
neers, New York, N. Y., February 1948. 
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amateur weather observers. Most of their efforts are directed toward current 
use of their observations for airway protection, daily weather forecasts, and 
crop estimates. Then the data are filed away. Most of the stations furnish 
average values of the observations, summarized by month, year, and period of 
record. These averages, when they are based on data accumulated over many 
years, often acquire the mystic aura of so-called normals. In many cases they 
are very far from being the usual condition, a connotation generally associated 
with the term normal. The designer of houses should not be fooled by the 
climatic normals. They are nothing but an arithmetic mean and hence con- 
vey only a very limited amount of information about the climate of a place. 
They permit a simple comparison between the climates of two places. This is 


TasLe 1. Heatinc Decree Days (BASE 65 F) WasuincrTon, D. C., 
1898-99 To 1945-46 


(Number of cases within specified intervals) 


INTERVAL INTERVAL 
DEGREE NUMBER DEGREE NUMBER 
Days oF CASES Days or CASES 
1-5 1445 36-40 619 
6-10 1389 41-45 318 
11-15 1387 46-50 138 
16-20 1460 51-55 44 
21-25 1630 56-60 7 
26-30 1439 61-65 5 
31-35 989 66-70 2 
Total number of days with mean below 65 F...0.............cccccceeccteseeseeeeeeeneerseeeeeenees 10,872 
Total number of days with mean above 65 F.................0.0.cccccccseteeseeseseeseeeeneneeeesees 6,659 
Total number of days during 17,531 


often satisfactory for general geographical purposes but for building construc- 
tion such information is entirely inadequate. 


IMPORTANCE OF FREQUENCY DISTRIBUTION 


In all cases where climatologic information is to be used for engineering 
purposes it is mot the average that counts but the frequency distribution of 
climatic elements. The designer has to know the conditions which are most 
frequently encountered as well as the spread of values for which the house is 
supposed to compensate. Cooperative efforts between the A.S.H.V.E. and the 
U. S. Weather Bureau have initiated the preparation of frequency tables of 
climatic elements covering five years of hourly observations at a little over 100 
stations for the following elements: dry bulb, wet bulb, dew point temperatures ; 
coincident values of dry bulb and wet bulb temperatures; coincident values of 
wind speeds and temperatures (completed for only one city to date). Such 
climatic tables, when completed, will offer the opportunity to place climatic 
design values on a calculated risk basis. 

The purpose of the design task at hand indicates to the engineer the risk 
he can afford to take. For example, the heating plant of an ordinary house 
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generally does not have to be designed to cover every contingency of low tem- 
peratures. In the past some design temperatures have been based on the lowest 
temperature on record. That is usually a value that may be encountered just 
once in 50 years. Most home owners are generally satisfied if their houses can 
be kept uniformly heated to a pre-selected comfortable temperature, say 99 per- 
cent of the days. It may be quite acceptable if, during a few exceptionally 
cold nights, the house temperature gets a few degrees below the standard. 
Owners may have to restrict their heating on such days to fewer rooms or 
employ auxiliary heaters. Most home owners are willing to face such conditions 


days per day 


Number of heating degree 


Per cent of cases in 48 year period 
(Cumulative) 
Fic. 1. CUMULATIVE FREQUENCIES OF HEATING 
DEGREE DAY VALUES, BY STEPS, AT WASHINGTON, 
D. C., ON PROBABILITY SCALE 


for a few days every three or four winters in return for reduced installation 
and operating costs. 

Design temperatures are, of course, a theme around which endless argu- 
ments can be spun. An example may illustrate how common-sense solutions 
can be arrived at. The discussion will be based on heating degree day values 
observed at Washington, D. C. Table 1 shows the number of degree days by 
steps in 48 heating seasons, 1898-99 to 1945-46, based on 65 F and the observed 
daily mean temperature [1% (max—min)] at the U. S. Weather Bureau 
Office in the city. Out of the 17,531 days in the period 38 percent had no degree 
days. Of the remainder of 10,872 days, 13.3 percent had only 1 to 5 degree days, 
an amount that most likely did not require heating of the average house. 

The design temperature generally in use for Washington, D. C., is 0 F. For 
a day with a mean temperature of 0 F the degree day value is 65. Such a 
high degree day value was encountered only three times during the 48-year 
period, i.e., less than 3/100 of one percent of the cases. There were, in fact, 
only 14 days in the period with degree days in excess of 55. It would seem 
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entirely adequate to have a design temperature of 10 F for Washington and 
still be able to take care of 99.9 percent of all cases. 


PROBABILITY CURVES 


In this connection it may be interesting to note that the cumulative frequen- 
cies of the daily values of heating degree days at Washington essentially plot 
as a straight line on logarithmic probability coordinates (Fig. 1). Similarly, 
the seasonal totals of degree days at Washington are, statistically speaking, 
essentially normally distributed, as shown in Fig. 2. Even though only 57 
seasonal values are available (1889-1945), all but the extremely high and low 
values arrange themselves closely around a straight line on probability coor- 
dinates. Graphs such as these easily permit selection of any desired limits of 
values. For example, 95 percent of the data lie between 3600 and 5300 annual 
degree days. Probability curves of this type are useful for both design and 
operation of central heating plants. 

Daily values of cooling degree days (base 75 F and daily mean temperatures), 
1898-1945, at Washington, D. C., also show a straight line probability curve 
(Fig. 3). The seasonal values of*cooling degree days at Washington, D. C., 
however, are not normally distributed. Even when plotted on logarithmic 
probability coordinates some deviation from a logarithmically normal distribu- 
tion is noted, although a fair fit of the values to a straight line is obtained (Fig. 
4). Again, some planning value is inherent in this type of presentation of 
climatic data. At any rate, they are space saving compared to tables and are 
ordinarily sufficiently accurate to read off various significance levels. 

Temperature data from the Washington, D. C., area are also useful to illus- 
trate another point. The data derived from the climatic observations of a 
station can, strictly speaking, be applied only to problems arising in the imme- 
diate environment of the station. The more heterogeneous the terrain surround- 
ing a station is, the greater the need for the label not transferable on the data 
sheets. In the past, construction engineers have occasionally used conveniently 
available climatic data from one station for places 50 or 100 miles distant. Even 
interpolation on maps, which show lines of equal design values, is acceptable 
only for the roughest of estimates. 


LIMITATIONS IN USE OF DATA 


In hilly or mountaiz:ous country micro-climatic differences within a few miles 
are as large as macro-climatic changes over several degrees of latitude. This 
is immediately obvious from the two diagrams of Fig. 5. These show the fre- 
quency of differences of daily maximum and minimum temperatures between 
Washington city observations and those of a suburban station seven miles dis- 
tant (Sleepy Hollow, Va.). The simultaneous records cover three years. The 
diagram on the left shows that the differences between the daily maxima at 
the two stations are not great. Sleepy Hollow has a tendency toward somewhat 
higher maxima. Yet in case of the minimum temperatures the difference is 
remarkable. With a few exceptions Sleepy Hollow shows lower minima than 
the city. In over 50 percent of the cases at all seasons this difference exceeds 
4 deg and in about 20 percent oi the cases the difference is 8 deg or more. 
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SUBURBAN STATION AT SLEEPY HoLiow, Va, 1942-1944 


ences of daily minimum temperatures. Graph was obtained through the courtesy of R. T. Zoch, 


(Diagram on left shows differences of daily r.aximum temperatures; diagram on right shows differ- 
U. Weather Bureau.) 
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Similar conditions can be found near other cities and this should serve as 
a warning that climatological data always require interpretation if they are 
to be used for locations other than the observation place. In many cases, air- 
port records give more realistic values for suburban areas than city records. 
Most disconcerting, however, are cases where data from two different localities 
in the same metropolitan area are mixed together. Sometimes climatic records 
were started in a downtown area and later were transferred to an airport 10 
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Heating degree days per season—Washington, D. C. 


Fic. 6. REGRESSION BETWEEN SEASONAL DEGREE DAY VALUES AT 
WanIncton, D. C., AND SUBURBAN CHELTENHAM, Mb., 
1900-01 to 1944-45 


(Lower line represents data prior to 1935-36, upper line those after that season. 
Inhomogeneity of record is introduced by change at Cheltenham station.) 


or more miles distant. Such inhomogeneous records should not be used for 
design purposes. 

Fortunately most of the time it is not very difficult to discover whether or not 
a record is homogeneous and to homogenize it if it is heterogeneous. The only 
requirement is that a homogeneous record exists at a reasonably close locality. 
Generally a station within a hundred mile radius will be satisfactory as a ref- 
erence point. The following example is illustrative for more than one reason. 

Only 17 miles from Washington, D. C., is the suburban community of Chel- 
tenham, Md. A comparison of degree day values for the Cheltenham station 
and the city station in Washington was made. Fig. 6 shows a plot of the 
simultaneous seasonal values for the two stations from 1900-01 to 1944-45. It 
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is immediately obvious that the data arrange themselves along two regression 
lines. All the values scattered around the upper line of the graph resulted from 
Cheltenham observations since 1935-36. Evidently a break in the continuity of 
observations had occurred at that time. Before that season Cheltenham degree 
day values were on an average 75 degree days per season above the Washington 
values. In the last ten seasons of the record the difference rises to an average 
of about 450 degree days. It is a simple task to adjust the earlier record to 
the present locality and exposure of the station by adding 375 degree days to 
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Fic. 7. ANNUAL COURSE OF RATIO OF 
RADIATION INTENSITY MEASURED ON 
VERTICAL SURFACE EXPOSED TO THE 
souTH (/,) AND INTENSITY ON HORI- 
ZONTAL SURFACE (Jy), AT BLUE HILL 
OBSERVATORY NEAR Boston, Mass. 


the values observed at Cheltenham. Instead of a ten-year record at that loca- 
tion, reasonably reliable values for 45 seasons can be used. 

In addition to the process of homogenization the record illustrates the type 
of changes that are encountered when stations are shifted, when shelters and 
instruments are replaced, or exposures altered. It also shows that degree day 
values (and the temperature values on which they are based) of a metropolitan 
center cannot immediately be used as basis for design values for a nearby subur- 
ban community. Finally, it shows that, because of the constancy of differences 
of climatic values, there is no need for very long records at such a suburban 
locality. Sometimes only a year or two of records will enable the climatologist 
to derive averages and frequency distributions for that community by deducing 
the values from a long record in the vicinity. At times the construction engi- 
neer can secure climatic data badly needed for design purposes for a major 
structure, such as a hospital, if, at the same time the surveyor starts his work 
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on the site, a climatic station is established. Many a time, long before final 
construction work starts, sufficient climatic observations may have been secured 
to take the guess work out of the design job. 


Arr MoTION AND RADIATION 


It has already been briefly pointed out that the climatic data as they are col- 
lected by weather stations, while helpful, are not always completely satisfactory 
to fill the needs of the engineer for design data. In the preceding discussion 
degree day data figured prominently. Yet it is obvious that the temperature or a 
direct derivative therefrom is only a rather superficial index describing the 
heating or cooling power of the atmospheric environment. From theoretical 
reasoning alone one can deduce that in addition to the temperature at least 
another element, namely, the air motion, will play a prominent part in the 
process of heat transfer. In a similar problem, the protection of the human 
body from excessive heat loss, the solution was found long ago by using 
a combination of temperature and wind speed. The cooling power of the air on 
a body of 98 F temperature has been established by empirical formulas, and 
attempts have been made to establish that factor even directly by observations 
by means of Hill’s Kata-thermometer or electrical instruments based on the 
basic principle of the Kata-thermometer. There is no good reason why similar 
formulas and equipment cannot be obtained for inanimate structures. 

In the same problems of ascertaining the cooling power of the environment 
on the human body, the influence of another equally obvious additional element 
was soon discovered; the heat gain and loss by radiation. Air temperature read- 
ings taken by carefully shielded thermometers reflect radiation conditions only 
remotely. Many structures, however, are fully exposed to all radiative influences. 
Most powerful among them is the direct solar radiation. This element should 
enter into all considerations of heat exchange between houses and their envir- 
onment. Several factors have militated against this postulate. First of all, there 
are only a few localities from which regular series of radiation observations 
are available. Secondly, these observations are not immediately applicable to 
the design problems because nearly all of these observations measure the 
radiation incident on a horizontal surface. Only by very tedious processes can 
the radiation on vertical surfaces exposed in various azimuths (walls) or 
slanting surfaces (roofs) be calculated from the reported values. Even then 
certain doubts affect the calculated values because of selective cloudiness effects. 

Recently, a series of measurements of radiation intensities on vertical surfaces 
has been reported by I. F. Hand.! While these cover data from one locality 
only for a period of about 15 months, they open nevertheless new avenues of 
approach to radiation design values. The observations were gathered at the 
Blue Hill Observatory near Boston, Mass. From Hand’s tables a few graphs 
have been derived that may illustrate the usefulness of the information. Special 
emphasis is given to the values obtained from a pyrheliometer recording the 
radiation on a vertical surface facing south. Fig. 7 shows.the annual variation 
of the ratio J;/Iy, where J, is the incident radiation on the vertical surface 
facing south and /, the conventionally measured radiation on the horizontal 


1Solar Energy Received on a Vertical Surface Facing South, by I. F. Hand, (Bulletin of the 
American Meteorological Society, Vol. 27, 1946, p. 416). 
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suriace. The curve was obtained from weekly values of the radiation totals 
and was smoothly drawn through the points to compensate for fluctuations that 
may be introduc:d by the shortness of the period of record. 

It is interesting to note that in December the vertical surface facing south 
receives over twice the total radiation received on a horizontal surface. The 
importance of this for supplemental heat for a house with picture window to 
the south needs no emphasis. On the other hand, in midsummer the south wall 
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Fic. 8. INTENSITY OF MEAN INCIDENT 
RADIATION ON HORIZONTAL SURFACE 
AND ON VERTICAL SURFACE FACING 
SOUTH 
Solid curve, average annual course of radiation 
intensity on a horizontal surface, dashed curve, 
annual variation of radiation intensity on verti- 
cal surface exposed toward south (calculated 
from values underlying the solid curve and those 


nee in Fig. 7), from observations at Blue 
Hill Observatory near Boston, Mass. 


receives less than half the radiation received on a horizontal surface. The 
specific values shown in Fig. 7 are exact only for the Boston area. Else- 
where different latitude and cloudiness conditions will result in other figures. 
Yet the same order of magnitude of the ratio will obtain in most of the area 
of the northeastern Atlantic coastal region. 

There is also good reason to believe that the ratios shown reflect the annual 
variation well even though the period of record is short. This provides an 
opportunity to translate the long record of radiation intensities on a horizontal 
surface at the Blue Hill Observatory into intensities on a vertical surface facing 
south. Fig. 8 shows as a solid curve the mean radiation values on a horizontal 
surface as obtained from 13 years of observations. If that curve is combined 
with the ratios discussed above, the dashed curve results. This last curve then 
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represents the mean intensities of radiation on a surface facing south. Sys- 
tematic observations of this type at other localities should be instituted. They 
would serve to take the guess work out of designs for use of solar heating. 


EvAPORATIVE COOLING 


As modern approaches to design increase, more and better use for climato- 
logical information can be found. One more problem in this connection will be 
mentioned; the use of free-air evaporation for cooling. The evaporative power 
of the atmosphere as a climatic element has been given insufficient attention 
in the past. In this case as well as in other design problems for housing con- 
struction cooperative efforts between engineers and climatologists can find the 
answers that will lead to houses optimally adapted to the climatic environment. 


DISCUSSION 


Joun Everetts, Jr.: It is indicated that normals or mean temperatures are of 
little use, whereas in the paper by Mr. Humphreys (See No. 1337 in this book), 
the daily mean temperature is regarded as a logical basis for determining the 
design temperature. 

This paper makes reference to the seasonal values of degree day in cooling and 
their deviation from a logarithmic normal. I do not believe that this information 
is of much value to the design engineer because the author has not taken into 
account the wet bulb temperature which would be coincident with the dry bulb in 
determining the degree of cooling load. As the wet bulb temperature is far more 
important in the design of cooling systems, it is suggested that the author investi- 
gate the effects of cumulative frequencies of wet bulb for cooling degree day 
values. The author also makes the statement that data are only good for the 
immediate location of the station from which the data are taken. This I agree 
with wholeheartedly, especially in regions where the geophysical formation includes 
mountains, valleys, swamps and rivers. 

The author also suggests that consideration of heat exchange through solar radia- 
tion be considered in designing of heating and cooling systems and that available 
information, is predicated upon measurement of solar radiation environment on a 
horizontal surface. I would like to point out to the author that the Research 
Laboratory of this Society has conducted dozens of tests on the measurement of 
solar radiation through vertical walls and windows, as well as horizontal slabs, and 
this information is readily available for the asking. 

I would also like to point out to the author that evaporative cooling has been 
effectively used as far back as 2500 B.C., and very effectively used in those areas 
where the difference between the prevailing dry bulb and wet bulb temperatures 
will permit. This limitation naturally prevents the use of evaporative cooling in many 
areas, especially along the Atlantic Seaboard, Gulf Coast and Mississippi Valley. 


A. A. Gianntn1, New York, N. Y.: The point made by Mr. Humphreys, Mr. 
Landsberg, and by Mr. Everetts that there may be great differences between compara- 
tively close localities is one that should get greater attention than it has in the past. 

There was a paper* presented before this Society, which pointed out very clearly 
that with respect to summer weather data there could be great differences in the 
design temperatures that should be used between even points within one city, and that 
the design engineer would be doing well to take those differences into account. 

Here in New York City, for example, if we use the Battery Park Station data, 


* Interpretation of Summer Weather Temperature Data for Design, by J. Donald Kroeker and 
V. Soballe. (A.S.H.V.E. Journat Section, Heating, Piping, & Air Conditioning, July 194}. 
Pp. 


264 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


we get entirely different results in the summertime from those we get when we 
‘use the Central Park Station. 
lf you study the results from the Newark Airport or the LaGuardia Airport they are 
entirely different from those taken from either Central Park or the Battery Station. 
With the greater spread of weather stations in airports | think we all have an 
opportunity to extend summer weather data so we can take into account differences 
between one point and another in a very large city. 


AutHor’s CLosure: Referring to Mr. Everetts’ comments, I am fully aware that 
for summer cooling problems the wet bulb temperature is more advantageous to use, 
and it is only laziness on my part that I did not use it for my paper. The other 
data were readily available, and so I used them for that reason. I agree with you 
completely that wet bulb temperatures would have been more useful. 

Regarding the evaporative cooling, | never indicated any doubt that this system 
had been used for a good many years. I intended to raise in the paper the 
following point: 

We have no reliable data that we can give you on evaporative quantities. Evapora- 
tion is one of the most elusive meteorological factors. We have no good method 
of measuring evaporation, and if you want to ask the meteorologist how much 
evaporative cooling one can expect in a certain locality 1 would have to tell you 
that this type of information is not available at this time. 

Meteorologists are trying to work out new systems to actually measure the amount 
of evaporation that takes place. These methods are still in the development stage. 
There are some data on evaporation from open pans of water that are used for 
certain agricultural purposes. These observations are theoretically objectionable, and 
for that reason I would not suggest their use to indicate how much evaporative cool- 
ing one might be able to get in a certain environment. 

What I was really trying to point out was a fault on the part of the meteorologist 
rather than on the part of the engineer. 
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No. 1339 


SEMI-ANNUAL MEETING 
Bretton Woods, N. H. 


HE Society’s Semi-Annual Meeting 1948 was held in the scenic White 

Mountains, June 20-23, 1948, where 340 members, ladies, and guests 
attended the sessions at the Mount Washington Hotel, Bretton Woods, N. H. 
Members and guests came from 26 states of the United States and from 
Canada, England, and South Africa. 


First Sess1on—Monpay, JuNE 21, 10:00 a.m. 


Pres. G. L. Tuve, Cleveland, Ohio, called the Semi-Annual Meeting 1948 to 
order at 10:00 a.m., in the Mount Washington Hotel, and C. M. F. Peterson, 
Boston, chairman of the Committee on Arrangements, gave a short welcoming 
address to which President Tuve responded. 

Announcement of the appointment of the Resolutions Committee was made 
by President Tuve as follows: I. W. Cotton, Indianapolis, Ind., chairman; C. M. 
Burnam, Jr., Chicago, Ill., and A. J. Hess, Los Angeles, Calif. 

President Tuve then announced that the first matter of business would be 
consideration of the Amendment to the By-Laws, and requested the secretary 
te read the amended Article IV, Section 2, of the By-Laws as follows: 


Article B-IV—Admission Fees and Dues 


Section 2. The annual dues of Members and Associate Members shall be 
twenty-five dollars ($25.00) ; of Junior Members ten dollars ($10.00) ; of Stu- 
dent Members three dollars ($3.00). 

Following the reading of the proposed changes in the By-Laws, R. A. Sher- 
man, Columbus, Ohio, chairman of the Finance Committee, explained the posi- 
tion of his committee with regard to the proposed increase in dues, pointing out 
the difficulties encountered by the committee in devising a budget with only a 
slight surplus. 

In presenting an analysis of the income of the Society he discussed the 
sources and said that although the proposed increase in dues is an increase of 
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39 percent, the increased income to the Society based on our present number 
of members and associate members would bring an increased income of about 
$34,000 to the Society, of which only about $20,000 would go to support gen- 
eral Society activities. Thus, the increase to the income as now estimated in 
our present operating budget would be only of the order of 10 percent. 

This action, Mr. Sherman stressed, was not taken precipitately or without 
great consideration. Suggesting an increase of the dues of its members is 
something the governing body of any society dislikes to do, and the Finance 
Committee and Council had considered other means, such as reducing services, 
making extra charges for publications, by which the financial condition of the 
Society would be improved without this step. Hence, it was concluded that it 
would be better to continue all the current services and to attempt to increase 
the services by a return to the dues which the Society members had paid from 
1925 to 1933. 


Dues INCREASE APPROVED 


With this explanation, it was moved by Mr. Sherman, seconded by C. F. 
Boester, Lafayette, Ind., that the following Amendment to Article B-IV, Sec- 
tion 2 be adopted as follows: 


Section 2. The annual dues of Members and Associate Members shall he twenty- 
five dollars ($25.00) ; of Junior Members ten dollars ($10.00) ; of Student Members 
three dollars ($3.00). 


President Tuve asked for discussion of the question and when the question 
was called for, the vote was unanimously in favor of the adoption of the 
Amendment, and President Tuve indicated that it would be effective for the 
year 1949, 


The secretary then presented the Amendments to the Proposed Regulations 
Governing Committee on Research, which have been suggested by the Finance 
Committee in order to simplify financial operations affecting research activities. 


RESEARCH REGULATIONS REVISED 
Article HWI—Dnuties of Officers 


Section 3. Director of Research—The Director of Research shall be responsible to 
the Committee on Research. He shall supervise all Laboratory activities of the 
Society and shall have general charge of all research activities including the making 
of contracts for the rental or purchase of equipment or materials. He shall, under the 
authority of the Committee, select and engage, when necessary, a supervisor of the 
Research Laboratory and such research assistants and other personnel as may be 
required. 

The Director of Research shall, subject to the approval of the Research Executive 
Committee, determine the order in which the subjects shall be investigated by the 
Research Laboratory. 

The Director of Research shall prepare, for the Research Executive Committee, a 


budget of estimated income and expenditures of the Committee on Research for the 
next fiscal year. 


All bills against Research which are covered by the budget shall, before being pre- 


sented to the Secretary of the Society for payment, be approved by the Director of 
Research. 


, 
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Amend Paragraph 3 of Section 3 to Read as Follows: 


The Director of Research shall prepare, for the Research Executive Committee, a 
budget of estimated income and expenditures of the Committee on Research for the 
next fiscal year for submission to and approval by the Council. 


Omit Paragraph 4 of Section 3 as Follows: 


All bills against Research which are covered by the budget shall, before being pre- 
sented to the Secretary of the Society for payment, be approved by the Director of 
Research, 


Article IV—Duties of Committees 


Section 2. Research Executive Committee—(b) The Research Executive Committee 
shall before November first of each year adopt a budget of estimated income and 
expenditures of the Committee on Research for the next fiscal year. Any proposed 
expenditure of Research funds outside of the approved budget shall be approved by the 
Executive Committee or, by delegation, by the Chairman of the Committee on 
Research, before the expenditure is made. 


To be Amended as Follows: 


Section 2. Research Executive Committee—(b) The Research Executive Committee 
shall, before October first of each year, prepare a budget of estimated income and 
expenditures for research operations for the next fiscal year and submit it for approval 
to the Committee on Research and then to the Finance Committee and Council for 
approval at its Fall Meeting. 


Article V—Government 


Section 7. Payment of Bills—(a) All bills against Research activities shall be 
approved by the Director of Research, and he shall present approved bills to the 
Secretary of the Society. The Secretary shall check and, if correct, pay all items 
when covered by the budget, or emergency expenditures approved in writing by the 
Chairman of the Committee on Research. A summary of these accounts shall be made 
at least every month on a form approved by the Council. The Treasurer of the Society 
shall issue a check against the Research Fund, payable to the AMERICAN SOCIETY OF 
HEATING AND VENTILATING ENGINEERS, which check shall be deposited in the Secre- 
tary’s Special Account. The Secretary shall draw against this amount in settlement of 
all approved expenditures. 

(b) The Secretary shall have the authority to pay salaries, traveling expenses and 
petty cash in accordance with the budget. 

(c) The depository for current Research funds shail be selected by the Research 
Executive Committee, subject to the approval of the Council. 


To be Amended as Follows: 


Section 7. Payment of Bills—(a) The Director of Research shall receive and shall 
check all bills against the research activities of the Society. If correct, he shall 
approve and pay all items when covered by the budget or additional expenditures 
2pproved by the Council. A summary of the accounts paid by the Director of Research 
shall be made at least every month on a form approved by Council and copies shall 
be submitted for approval to the Chairman of the Committee on Research, who shall 
forward copies to the Secretary, the President, and the Treasurer. On their approval, 
the Treasurer of the Society shall transfer funds from the Treasurer’s Account for 
deposit to the credit of the AMERICAN Society OF HEATING AND VENTILATING ENGI- 
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NEERS in the Director’s Account. The Director of Research shall draw against this 
account in settlement of approved expenditures only. 


(b) The Director of Research shall have the authority to pay salaries, traveling 
expenses and petty cash in accordance with the Budget. 


(c) The Director’s Account shall be kept in a depository selected by the Research 
Executive Committee, subject to the approval of the Council. 


Article V—Government 


Section 8. Accounts—The books of accounts shall be kept at the headquarters of 
the Society, and shall be audited each year at the time the Society books are audited 
and by the same certified public accountant, who examines the Society accounts. The 
accountant’s report shall be presented at the Annual Meeting of the Society by the 
Chairman of the Committee on Research as the financial report on research activities 
for the year. 


To be Amended as Follows: 


Section 8. Accounts—The books of accounts shall be kept at the Research Labora- 
tory, and shall be audited each year at the same time and by the same certified public 
accountant, as the other Society Accounts. The accountant’s report shall be presented 
at the Annual Meeting of the Society by the Chairman of he Finance Committee as the 
financial report on research activities for the year. 

President Tuve asked for discussion of the Amendments and none was offered 
and he asked for a motion. 


On motion of H. E. Parker, Boston, Mass., properly seconded, it was voted: 
THAT action be taken on the Amendments as a whole. 
It was moved by M. W. Bishop, Chicago, IIl., seconded by C. F. Boester, 


THAT the Proposed Amendments to the Regulations Governing the Committee 
on Research, Article III, Section 3, Article IV, Section 2, Article V, Sections 7 and 8 
be adopted. 


When the vote was called for, this motion was unanimously passed. 


President Tuve introduced Cyril Tasker, director of research of the 
A.S.H.V.E., Cleveland, Ohio, to present the paper on Thermal Insulation of 
Clothing, by C. P. Yaglou (see Chapter 1341). Mr. Tasker gave a summary 
of the paper which described two principal methods of evaluating clothing 
insulation and an extensive discussion followed. 

President Tuve then introduced E. H. Stolworthy, associate professor of 
mechanical engineering, University of New Hampshire, Durham, N. H., who 
presented the paper by Prof. D. H. Chapman, on The Mount Washington 
Observatory.* In his presentation Professor Stolworthy gave a history of the 
Mount Washington Observatory and a summary of the experimental work being 
carried on. 

Nathaniel Glickman was introduced by President Tuve, and presented the 
paper, Comparison of Physiological Adjustments of Human Beings During 
Summer and Winter (see Chapter 1342) by Nathaniel Glickman, Tohru Inouye, 
Robert W. Keeton, M.D., and Maurice K. Fahnestock. Professor Glickman 


*See Journat Section, Heating, Piping & Air Conditioning, July 1948, p. 113. 
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gave a summary of the paper and stated that the tests described are studies on 
the rapidity and magnitude of physiological adjustments made by the body. 
at rest, en exposure to sudden changes of environmental temperature and 
humidity during the winter months. Comparisons are made with similar tests 
conducted in summer. 

Prof. W. F. Wells, associate professor of air-borne infection, University of 
Pennsylvania, Philadelphia, Pa., could not be present so his paper on the Sani- 
tary Significance of Ventilation was presented (see Chapter 1340). 

The meeting adjourned at 12:15 p.m. 


SEconp TECHNICAL SESSION—TUESDAY, JUNE 22, 9:30 A.M. 


Pres. G. L. Tuve called the second technical session to order at 9:30 a.m. 
and requested Vice Pres. A. E. Stacey, Jr., Syracuse, N. Y., to take charge of 
the meeting. Mr. Stacey introduced Prof. A. B. Algren, Minneapolis, Minn., 
who presented his paper, Ground Temperature Distribution with a Floor Panel 
Heating System (see Chapter 1343). 

An abstract of the paper, Theory of the Ground Pipe Heat Source for the 
Heat Pump, by L. R. Ingersoll and H. J. Plass (see Chapter 1344) was pre- 
sented by Carl H. Flink, Technical Secretary. 

Mr. Stacey introduced H. E. McGregor, Boston, a director of the Heating, 
Piping and Air Conditioning Contractors National Association, who brought 
greetings from Pres. Thomas L. Eagan, Washington, and his message that the 
National Association was greatly interested in the panel heating research pro- 
gram of the Society and expected to contribute financial support to this program. 

Mr. Stacey thanked Mr. McGregor for his remarks and for the interest 
expressed in the Society’s research program. 

The third paper, Fan Selection by Use of Constants, by A. C. Stern and 
Leon D. Horowitz (see Chapter 1345) was presented by Mr. Stern. 

The meeting was adjourned at 12:00 noon. 


Tuirp TECHNICAL SESSION—-WEDNESDAY, JUNE 23, 9:30 A.M. 


President Tuve called the third technical session to order at 9:30 a.m. and 
requested Second Vice Pres. Lester T. Avery to preside. Mr. Avery intro- 
duced L. N. Hunter, chairman of the Committee on Research, who presented 
an outline of the research program of the Society as follows: 


Mr. Hunter reporting for the Committee on Research said that the scope of 
each Technical Advisory Committee had recently been reviewed and clarified. 


Society policy requires, Mr. Hunter stated, that we extend our research activ- 
ities. This involves several problems. 


1. The problem of finding more research projects. The most difficult part of this 
problem is the selection of projects that we are sure are of greatest interest and 
importance to our Society. 

2. The problem of financing the projects becomes greater. At present approximately 
40 percent of our research work is financed from dues paid by members, about 15 or 
20 percent by contribution from the exposition, and the balance from general and 
earmarked contributions from industry and others. It would appear that additional 
finances for an expanded research program will have to come largely from industry 
and others. 
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3. The Committee feels that the success of our research is going to depend largely 
on our members becoming more intimately interested in our research work. Every 
member of the Society should have an active and definite interest in some.phases of 
our research program. This problem has been discussed by the Committee and it has 
been agreed that each member of the Committee should make it a point to discuss our 
research work with as many of our Society members as possible and reflect this think- 
ing back to the Committee so it can be taken into consideration in the development of 
future programs. We invite criticisms of our programs and we most certainly welcome 
constructive suggestions that can be used in making up these programs, said Mr. 
Hunter. 

There are several steps being taken by the officers of the Society and by other 
committees and by individuals to help publicize and to keep members better informed 
on what is going on. 

The Council has asked the Committee to extend our work in the fields of physiologi- 
cal and coonerative research. Eight cooperative projects were recently approved by 
the Committee and several other proposed projects are being referred to T. A. Com- 
mittees for study and recommendations. 

Some of these projects involve physiological work, and we are actively working on 
the development of other projects in this field. 

The Council has also instructed us to accept Federal Government sponsorship and 
support for research work on fundamental problems involving heating, ventilating and 
air conditioning, and steps are being taken to obtain such support. 


At the request of Mr. Hunter, Cyril Tasker, director of research, gave a 
report on the current status of Laboratory work. 


Mr. Tasker reported that satisfactory progress was being made in three major 
projects, in six other projects at the Laboratory, and in the four studies being made 
at cooperating institutions. 

The studies under the Technical Advisory Committee on Air Cleaning, though 
primarily designed to develop an acceptable filter test code, must of necessity be con- 
cerned also with the fundamentals of filtration. This subject is a difficult one and will 
need a concentrated attack if substantial progress is to be made in a reasonable time. 

The panel heating research program (Group A) was proceeding at a steady rate. 
A progress report had recently been made to the Technical Advisory Committee. 

Since Mr. Parmelee was reporting progress in the studies under the Technical 
Advisory Committee on Heat Flow Through Glass, Mr. Tasker said he would not 
discuss the program except to point out that no part of this program was concerned 
with the testing of glass products of any kind. The studies, he pointed out, were 
fundamental and were designed to produce and were producing physical constants 
which later would be translated into engineering data for the solution of problems 
involving solar radiation. 

Under the guidance of the Technical Advisory Committee on Air Distribution Mr. 
Nottage had made an exhaustive literature survey and analysis on the fundamentals of 
turbulence as part of a long range program on ventilation jets. Material for a short 
paper and a research bulletin was now in preparation. The experimental portion of 
the program was now under way at the Laboratory. The subcommittee on duct friction 
had collected a great deal of information on friction through fittings; this was now 
being analyzed and correlated, preparatory to the development of an experimental 
program. 

Cooperative studies were under way at Case Institute and Kansas State College 
on the performance of perforated ceiling panels and the downblow of heated air 
respectively. 


fi 
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Plans were in hand to develop more data on sol-air temperatures and on the sol-air 
thermometer. The Technical Advisory Committee on Cooling Load was actively 
pursuing a program to develop more accurate data for cooling load calculations. 

The Technical Advisory Committee on Industrial Ventilation, meeting the previous 
day, had made good progress in its plan to get into the hands of the membership more 
dependable data for the solution of problems in industrial ventilation and process 
air conditioning. 

The program under the Technical Advisory Committee on Insulation was well in 
hand, samples of insulation checked by 16 laboratories had now been examined by the 
National Bureau of Standards, which reported quite compatible results to date. 

The physiological studies at the University of Illinois had already been reported on 
by Prof. Glickman. These studies were of great importance to the Society, and the 
active participation of the staff of the University of Illinois Medical School deserved 
special mention. 

Mr. Tasker briefly mentioned the projected physiological studies which, it was 
expected, would be made in cooperation with the Office of Naval Research. More 
details would be available as soon as the contract details had been settled and the 
program set in motion. 

The second ‘series of investigations on the burning characteristics of fuel oils was 
nearing completion. The cooperative studies, which were being sponsored by the Oil- 
Heat Institute of America, would be reported on in detail at a later date. 

Mr. Avery introduced J. P. Stewart, Syracuse, N. Y., and stated that the 
paper about to be presented had been prepared at the suggestion of the Research 
Technical Advisory Committee on Cooling Load. Mr. Stewart then presented 
his paper, Solar Heat Gain through Walls and Roofs for Cooling Load Calcu- 
lations (see Chapter 1346). 

The second paper, Hydraulic Analogue for the Solution of Problems of 
Thermal Storage, Radiation, Convection and Conduction, by C. S. Leopold 
(see Chapter 1347) was presented by the author. 

The third paper, Solar and Total Heat Gain Through Double Flat Glass, by 
G. V. Parmelee and W. W. Aubele (see Chapter 1348) was presented by 
Mr. Parmelee. 

Mr. Avery then called on I. W. Cotton, chairman of the Resolutions Com- 
mittee, who presented the following resolutions which were adopted unanimously : 


Resolutions 


WHEREAS, the 1948 Semi-Annual Meeting of the American Socrery or HEATING AND VENTILATING 
Enorneers has been a complete, unqualified success, therefore, 


BE IT RESOLVED; that we, who received the countless delights and benefits which highlighted 
this occasion, extend our sincere thanks: 


To the Officers and Members of the Massachusetts Chapter who invited us, 
To Mr. C. M. F. Peterson and his Arrangements Committee who planned so carefully and executed 
arduous tasks so efficiently, 


To Mr. J. J. Hennessy, Manager of the Mount Washington Hotel, and his courteous staff who 
provided every comfort and served us perfect meals, 


* * * 


To Miss Ruth Landi and Eric Langer and his Orchestra, for the fine music, good entertainment 
and just plain fun, 


To the White Mountains, for their inspirational background of matchless scenery and_ historic 
interest. 
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To the Society Officers and staff who carried out the great mass of necessary routine detail inci- 
dent to the meeting with characteristic efficiency. 

To the Program Committee, the authors of the technical papers and those who discussed them, for 
many contributions to our art and for a wealth of interesting engineering data, 


To Prof. E. H. Stolworthy of the University of New Hampshire, for his fascinating pictures and 
interesting description of Mt. Washington with its ‘“‘world’s worst weather’’, 


To 20th Century-Fox Studios for a preview of an excellent picture which held out hope for success 
in life—even to us engineers, 


To our banquet speaker, to whose address we all look forward, 

To the Technical press, for excellent advance publicity and the fine reports of the meeting we know 
will be published later, 

To all those golfers—regardless of handicap—whose devotion to duty is to be commended far more 
than the length of their drives or the accuracy of their putts, and 


BE IT FURTHER RESOLVED, that a copy of these resolutions be incorporated in the minutes 
of this meeting. 
Respectfully submitted, 


RESOLUTIONS COMMITTEE 


I. W. Cotton, Chairman 
Arthur J. Hess 
Cc. M. Burnam, Jr. 


P.S. BE IT RESOLVED ALSO THAT, thanks be given to said Resolutions Committee for pre- 
paring these splendid resolutions amidst the exciting distractions of smashing tennis players and 
swimmers of both the splashing and sunning varieties. 


As there was no further business, Chairman Avery declared the Semi-Annual 
Meeting adjourned at 12:00 noon. 


Entertainment 


For those who arrived early, Bretton Woods and its surrounding mountain 
scenery provided many interesting side trips, as well as the regular events 
scheduled by the Committee on Arrangements, including the cog rail to the 
summit of Mt. Washington, Franconia Notch to see the Old Man of the 
Mountains, Profile Lake, and the Flume, Cannon Mountain, Crawford Notch, 
and North Conway. 

In a golf tournament the low net score was made by A. C. Bartlett, Hyde 
Park, Mass., who received the Research Cup, and C. W. Johnson, Windsor, 
Ont., was runner up, while the low gross score was made by M. W. Bishop, 
Chicago, Ill. The Eichberg Cup was won by the New York Chapter team, con- 
sisting of Messrs. W. J. Osborn, F. J. Swaney, and J. F. Butterworth. 

On Wednesday evening the banquet was held in the main dining room and 
Prof. James Holt, Cambridge, Mass., served as toastmaster. 

Dean L. E. Seeley, Durham, N. H., introduced the speaker of the evening, 
Laurence Whittemore, president of the Federal Reserve Bank of Boston, who 
spoke on The More Abundant Life and how invention and ingenuity were prime 
factors in the development of the country and in giving us our present high 
standard of living. 


* * * 
, 
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PROGRAM 
Mount Washington Hotel—Bretton Woods, N. H. 
June 21-23, 1948 


SUNDAY—JUNE 20 


10:00 a.m. Committee on Research Meeting 
1:00 p.m. Registration 
1:30 p.m Council Meeting 


MONDAY—JUNE 21 


9:00 a.m. Registration 
10:00 am. TECHNICAL SESSION—Physiological Factors in Air Conditioning 
(Pres. G. L. Tuve presiding.) 
Greetings by C. M. F. Peterson, General Chairman 
Repsonse by Pres. G. L. Tuve 
Amendments: (1) By-Laws; (2) Regulations Governing Committce 
on Research 
Sanitary Significance of Ventilation, by W. F. Wells 
Thermal Insulation of Clothing, by C. P. Yaglou 
The Mount Washington Observatory—America’s Original Mountain 
Weather Station, by Donald H. Chapman 
Comparison of Physiological Adjustments of Human Beings During 
Summer and Winter, by Nathaniel Glickman, Tohru Inouye, Robert 
W. Keeton, M. D. and Maurice K. Fahnestock 
10:30 a.m. Croquet, Quoits and Golf for Ladies 
12:30 p.m. Get-together Luncheon 
12:30 pm. TAC on Air Distribution and Air Friction—Luncheon-meeting 
12:30 p.m. TAC on Panel Heating and Cooling—Luncheon-meeting 
1:30 p.m. Chapter Delegates Meeting 
1:30 p.m. Guipe Publication Committee Meeting 
1:30 p.m. Cograil trip to Mount Washington (Bus to Base Station) 
or 
Trip to Franconia Notch, visiting the Old Man of the Mountains, 
a Lake and the Flume, with ride on Aerial Tramway to Cannon j 
Mountain 


Informal Golf—Tennis 
6:30 p.m. Dinner 
8:00 p.m. Nominating Committee Meeting 
8:30 p.m. Movies—Barn Dance 


TUESDAY—JUNE 22 


9:00 am. Registration. 
9:30 am. TECHNICAL SESSION—Heat Storage 
(1st Vice-Pres. A. E. Stacey, Jr. presiding) 
Ground Temperature Distribution with a Floor Par! Heating System, 
by A. B. Algren 
Theory of the Ground Pipe Heat Source for the Heat Pump, by L. R. 
Ingersoll and H. J. Plass 
Fan Selection by Use of Constants, by A. C. Stern and Leon D. Horowitz 
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10:00 a.m. 
12:30 p.m. 
12:30 p.m. 
12:30 p.m. 

1:30 p.m. 


1:30 p.m. 


6:30 p.m. 
8:00 p.m. 
8:30 p.m. 


Ladies Golf—Quoits, Croquet—Hike up Mt. Willard 

Luncheon 

TAC on Heat Flow Through Glass—Luncheon and meeting 

TAC on Industrial Ventilation—Luncheon and meeting 

Golf Tournament for Research and Eichnerg Memorial Cups 
Fishing Trip 

Sightseeing Automobile Trip to Crawford Notch, visiting Willey House, 
North Conway and trip up Cranmore Mountain on Ski-Mobile 

Dinner 

Chapter Delegates Meeting 

Games and Dancing 


WEDNESDAY—JUNE 23 


Registration 
TECHNICAL SESSION—Solar Heat Transmission 
(2nd Vice-Pres. Lester T. Avery presiding) 
Report of Committee on Research—L. N. Hunter, Chairman 
Solar Heat Gain through Walls and Roofs for Cooling Load Calcula- 
tions, by J. P. Stewart 
Hydraulic Analogue for the Solution of Problems of Thermal Storage, 
Radiation, Convection and Conduction, by C. S. Leopold 


Solar and Total Heat Gain through Double Flat Glass, by G. V. 
Parmelee and W. W. Aubele 


Ladies Card Party—Golf, Quoits or Croquet 
Luncheon 


Soft Ball Game, Golf, Swimming, Tennis 
Motor Trip to Pinkham Notch, Circle Presidential Mountain Range 
Banquet 
Toastmaster—Prof. James Holt 
Awarding of Golf Trophies 
Address of Laurence Whittemore, President of Federal Reserve Bank 
of Boston 


COMMITTEE ON ARRANGEMENTS 
C. M. F. Peterson, General Chairman 
James Hott, Vice Chairman 


Banquet—H. L. Von Renpere, Chairman;  Reception—E. A. Dusossort, Chairman; 

E. L. Brarr. D. M. ArcHer, W. E. Barnes, E. G. 
Carrier, R. R. Emerson, R. T. Kern, 
Mrs. E. A. Dusossoir, Mrs. 
Chairman; N. J. H. Suaw. EHRENZELLER. 


Entertainment—C, W. Larson, 


Finance—J. W. Brinton, Chairman. Sports—A. C. Bartiett, Chairman; 
Ladies—ApotpH EHRENZELLER, J. MacG. Means, T. S. Harr. 


Chairman; Mrs. EHREN- 


Transportation—W. H. Supp, Chairman; 


ZELLER, Mrs. E. A. Dusossoit. W. A. Wiuiams, R. P. Morin, O. J. 
Publicity—D. W. Brair, Chairman. Campia, H. E. ParKeEr. 


9:00 a.m. 
9:30 a.m. 
12:30 p.m. 
2:00 p.m. 
7:00 p.m. 


No. 1340 


SANITARY SIGNIFICANCE OF VENTILATION 


By F. WE tts*, PHILADELPHIA, Pa. 


URING an average American lifetime, a human being breathes several 

million cubic feet of air. Of this enormous total more than 1,000,000 cu ft 
of confined air shared by other persons are breathed indoors. There are many 
kinds of germs in this air and, while most of them are harmless, the fact 
remains that infected persons expel into the atmosphere droplets which evapo- 
rate at once, and leave virulent nuclei that drift about in any confined space 
until inhaled, vented or destroyed. The demonstration of this fact refuted the 
prevailing bacteriological theory that because a disease may be spray-borne for 
only some three feet, it is not likely to be air-borne. 

The hazard of breathing disease germs in outside air is practically negligible. 
The enormous dilution of infection in the vast expanse of the atmosphere and 
the exposure to germicidal sunlight leaves but an infinitesimal chance that a 
person will breathe these virulent nuclei remaining from droplets expelled by 
others. During the summer when people live outdoors more, or when, because 
of open windows and doors, the air breathed indoors mingles freely with out- 
door air, respiratory diseases decline. It is during the winter, when people 
crowd into tightly closed rooms to keep warm that air-borne contagions become 
epidemic. The mortality peak that used to come in summer before water and 
food sanitation cut down intestinal infection now comes in the winter, the sea- 
son of respiratory infection. It is indeed fortunate that the conditions con- 
ducive to air-borne infection are the very conditions that are most favorable 
for effective radiant disinfection. These conditions are: (1) indoor air is dry 
during the winter, (2) irradiation is entirely independent of windows and 
doors, whether closed or opened, (3) selected places can be irradiated, or can 
be shielded from radiation, and (4) irradiation, being self-regulatory, requires 
only good designing and clean lamps for proper operation. ° 


* Associate Professor of Air-Borne Infection, University of Pennsylvania, School of Medicine. Mem- 
ber of A.S.H.V.E. 

Presented at the Semi-Annual Meeting of the American Society or HeatinG AND VENTILATING 
Encrneers, Bretton Woods, N. H., June, 1948. 
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Bacteriology cannot possibly hope to apprehend and lay hold of the specific 
organisms in the enormous volumes of air involved in the spread of an epidemic. 
Even in the laboratory, under controlled conditions of experimental ventilation, 
where all animals can be infected within a few minutes with a high concentra- 
tion of disease organisms, many of these organisms are very difficult to isolate 
and identify. One thing is sure, the merest fractions of the concentrations used 
in the laboratory would, under natural conditions of infection, produce devastat- 
ing epidemics. People are the most sensitive air samplers and their reactions 
to the air they breathe are therefore the final test of air purity. Nevertheless 
if sanitary ventilation is defined as the reciprocal of the existing chance that 
a pathogenic organism expelled into the atmosphere will be breathed by another 
person, the quantitative results of laboratory experiments can be interpreted in 
terms of such ventilation. 


Obviously, the fraction of the enclosed atmosphere inhaled represents the 
chance that an organism may be breathed in the first breath. By the second 
breath, the chance is just so much reduced by the possibility that the organism 
was breathed in the first breath, and so on for succeeding breaths. This frac- 
tion being small, the hazard, h, can be expressed by Poisson’s law of small 
chances as: 


v 
v 


where 


Naperian base of logarithms 2.718. 
volume breathed. 
volume of space. 


Since the likelihood of inhaling infection is equal for all occupants of an 
enclosed space, it follows that, the more occupants there are, the smaller is 
the likelihood for each occupant breathing a particular organism. Similarly, 
the likelihood is reduced by the chance that the organism may be removed 
from the enclosed space by ventilation. At each moment, the chance of breath- 
ing or venting the organism is proportional to the breathing or ventilation rate 
respectively, and the hazard of infection by the organism is correspondingly 
reduced. The chance of venting an organism then becomes: 


where 


a = number of air changes. 


Formulations for the hazard of infection are simplified if expressed in terms 
of ventilation per occupant. For example, in a standard classroom supplied 
with 30 cfm per pupil, the chance that an organism will be vented in the first 
minute, is 150 times the hazard that it will be breathed in that minute. In 
succeeding time intervals, the logarithms of the chances of breathing or venting 
the organism are in that same ratio. Since air disinfection can also be expressed 
in terms of Poisson’s law as 


e= 
Vv = 
v= 
, 
: Z 


SANITARY SIGNIFICANCE OF VENTILATION, BY WELLS 277 


where 


L = a lethe of disinfection, the sanitary equivalent of (and interchangeable 
with) one air change. 


It may be convenient to adopt the cubic-foot-lethe as a unit of bacterial 
reduction equivalent to ventilation by a cubic foot of pure air. 


METHOD OF MEASURING SANITARY VENTILATION 


The rate of removal of standard test organisms from confined atmospheres 
equivalent to venting by pure air replacement can easily be determined by 
bacteriologic technique of sanitary air analysis as follows: 


An atomizer sprays a continuous mist containing the test organisms; the 
finely divided droplets evaporate instantaneously in the dry indoor air during 
the winter, leaving the test organisms suspended in droplet nuclei as an invisible 
aerosol which disperses like cigarette smoke throughout the room on air cur- 
rents. Although small scale humidifiers were first adapted to this technique the 
Fragrant-mist vaporizer has proved to be most convenient and dependable. A 
single instrument is capable of building up a satisfactory aerosol cloud of test 
organisms in about 2000 cu ft of air; one instrument at breathing level in each 
quadrant of a schoolroom will disperse a uniform cloud throughout the room 
simulating average conditions of infection by pupils. The air centrifuge in 
the center of the room samples or breathes the average infection from the four 
quadrants. 

If constant numbers of organisms are added to an enclosed atmosphere and 
constant volumes are sampled in equal time intervals, the relative numbers 
when equilibria are reached under different conditions of ventilation will then 
be proportional to the rates of elimination by ventilation. If ventilation is then 
determined by the die-away rate when the atomizers are turned off, any change 
in ventilation can be evaluated from the ratio of the concentrations when equi- 
libria have been reached. Thus the test becomes the measure of the hazard 
of infection to an infectee at any point resulting from an infector at some other 
point in an enclosed space under given conditions of ventilation. 

It should be emphasized that the measurement of sanitary ventilation in 
terms of such a standard method merely defines ventilation with respect to a 
particular organism in a particular state of atmospheric suspension due to any 
particular disinfecting procedure. E. coli is selected as the test organism because 
of the exhaustive study given to this organism in sanitary science; its character- 
istics are fully established and simple bacteriological methods of isolation and 
identification have been worked out. Since E. coli is not a normal inhabitant 
of the atmosphere, selective media which inhibit other common dust-borne 
organisms (contaminants in this test) make it possible to state definitely that 
the organisms recovered from the air were put there by the atomizer, a highly 
important feature from the standpoint of conclusions drawn. from a test. 

There are also many other good reasons for using E. coli; it is harmless, 
hardy, and easy to grow. Almost all coefficients of disinfection are in terms 
of E. coli or its first cousin, the typhoid organism. Of special importance in 
sanitary ventilation is the exhaustive study of the vulnerability of E. coli to 
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ultra-violet light; no organism has attracted more attention in the study of 
bactericidal irradiation of liquids, moist agar surfaces, or humid or dry air. 
Moreover the vulnerability in air of various significant organisms relative to 
E. coli has been carefully evaluated. Each bacterium therefore becomes a tiny 
photometer drifting at random on air currents like a balloon-carried instrument ; 
the average sample therefore truly measures air circulation in ventilation. 


Fic. 1. LrETHAL EXPOSURE OF ORGANISMS ATOMIZED INTO 
ONE CORNER, AND SAMPLED AT THE OTHER CORNERS OF 
IRRADIATED CLASSROOM 


VALUES REPRESENT AIR CHANGES PER MINUTE WHICH 
WOULD ACCOMPLISH EQUIVALENT REDUCTION IN THE ROOM 


In a standard routine test of a typically irradiated schoolroom, for example, 
20 min are allowed, after atomizers are started in each quadrant, to build up 
an equilibrium concentration. Then three consecutive five-minute samples, at 
one minute intervals, are collected from the center of the room. Next, ventila- 
tion is changed, (i.e. the lights may be turned off), and 20 min are allowed 
for a new equilibrium to be established, whereupon three more consecutive 
samples are collected. This cycle may be repeated with as many variations of 
ventilation as desired. Lastly the atomizers are turned off, and three more 
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consecutive samples are taken immediately to determine the die-away rate. 
Sanitary ventilation in lethes, or equivalent ventilation by an uncontaminated 
air supply, is then obtained by multiplying the die-away rate, expressed as air 
changes, by the ratios of the equilibrium concentrations?. 


LETHAL Exposure” 


In early studies of schoolrooms, an atomizer was located three-quarters of 
the distance from the center of the room to one corner; and an air centrifuge 
was located in a similar position in relation to the adjacent corner. A small 
household fan blew an air stream over the atomizer, parallel to the diagonal 
of the long wall, to mix the air and impart a gentle circulation around the three 
sides of the room to the sampling corner. While, naturally, the disinfectior 
values varied with the direction of air circulation from infector to infectee, 
through the irradiated zone the average of 16 tests in centrally lighted, square 
classrooms of about 6000 cu ft, irradiated with approximately 4 ft watts, yielded 
a sanitary equivalent of 69 air changes per hour or approximately 10 times as 
much disinfection as would be obtained by normal winter ventilation. Doubling 
the amount of radiation from each fixture resulted in increasing the average 
(of 9 tests) to 116 equivalent air changes per hour. The primary purpose of 
the study was to demonstrate the value of the method as a means of correlating 
clinical experience with sanitary ventilation by air disinfection. This was 
accomplished, together with a demonstration of potential elimination (by means 
of sanitary ventilation) of air-borne infection during the winter comparable to 
that obtained by summer ventilation, when respiratory diseases decline markedly. 

In the third year of experimental studies, when supplementary irradiation 
required retesting, an attempt was made to compensate for directional circula- 
tion. The infector and infectee were located on a room diagonal, about half- 
way from the center to opposite corners of the room. Tests were run in these 
positions and duplicated for reversed positions. A general average of 142 lethes, 
or equivalent air changes per hour, was obtained from 17 such duplicate tests 
in the different rooms. The fact that in each pair of tests the average of the 
larger was four times the average of the smaller indicated the need of further 
study of disinfection gradients between various points in the rooms before a 
more stable method of evaluating the performance of fixture designs could 
be devised. 


LETHAL GRADIENTS" 


Disinfection gradients in sanitary ventilation were obtained in schoolrooms. 
Simultaneously samples were taken in the different corners of a rectangular 
room equipped with end wall fixtures. The lethal exposures in a series of 17 
experiments were averaged on Fig. 1 (upper). The values shown in Fig. 1 
indicate the number of room air changes which would be required to effect 
the same reduction in air disinfection. As the air circulated from the infector 


1 Exponent numerals refer to References. 
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around the room the number of bacteria decreased progressively, being in the 
third sampling corner about one-half what it was in the first. In the average 
of 12 runs in the centrally lighted square room (Fig. 1, lower) the effect was 
less pronounced; probably because the lethal gradient depended more upon dilu- 
tion with the irradiated atmosphere from the core of the room, than upon direct 
circulation through the irradiation. Local mixing might also be indicated by 


Fic. 2. LETHAL EXPOSURE OF ORGANISMS ATOMIZED INTO 
CENTER, AND SAMPLED AT DIFFERENT DISTANCES AND ELE- 
VATIONS OF ROOMS SHOWN IN Fic. 1 


VALUES REPRESENT AIR CHANGES PER MINUTE WHICH 
WOULD ACCOMPLISH EQUIVALENT REDUCTION IN THE ROOM 


the lower value obtained in the corner near the infector. The value obtained 
in the corner opposite the infector approximated the average in the first and 
third corner in both sets of experiments. Since this more representative test 
of average disinfection was about three-quarters of that obtained by the method 
used in the original experiments, the average results can readily be converted. 

In a second series of experiments, with the infector located in the center of 
the room, a small fan, with housing removed and supported on a tripod above 
the atomizer, was used to distribute the infected air in a horizontal direction. 
Samples were collected one-third, two-thirds and five-sixths of the distance from 
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the center, at the middle of the long side, and also one foot below the ceiling 
at the first two stations. The average reduction in bacteria from 81 runs in the 
rectangular room, expressed in lethes on Fig. 2 (upper), is considerably lower 
than in the first series (Fig. 1) but increases progressively at working level 
with distance from the infector. Organisms collected from the upper air of 
the rooms were many times more heavily exposed than those sampled at work- 
ing level, and the gradient was reversed. The greater reduction in bacteria 
farther away from the light would seem to indicate circulation toward the wall 
at working level and in reverse direction above. 

Several factors could account for differences between these two methods shown 
in Figs. 1 and 2. Perhaps natural circulation between the chosen testing points 
(Fig. 2) was actually lower; but the small fan might also make a difference. 
Slight stratification by the mushrooming of air, cooled by evaporation of 
infected droplets, was shown in 24 runs by an increase of 30 percent in reduc- 
tion of organisms when a small heating element was suspended beneath the 
fan. Body warmth of occupants might similarly influence bacterial reduction 
by increasing circulation. 

Samples taken at a point two-thirds of the distance from the infector to the 
corner of the square room with the central hanging fixture compared more 
favorably with those taken by the previous method. The averages of 24 runs 
are shown in Fig. 2 (lower). Exposure to irradiation of organisms sampled 
in the upper level was hardly more than double that at the lower level—con- 
trasting sharply with the large differences observed in the room with end wall 
radiation fixtures. These observations would also seem to indicate more effec- 
tive circulation through the irradiated core of the square room than through the 


more remote angles between the ceilings and the walls in the rectangular room. 


AVERAGE LETHAL ExposuRE?2 


A lethal gradient L,, theoretically represents a statistical average of reduc- 
tion of organisms passing on an infinity of paths from infector to infectee. The 
test actually gives a bacteriological average of the reduction of a large number 
of organisms carried on prevailing currents. The tests vary because of fluctua- 
tions in air circulation between fixed points. These fluctuations must also be 
averaged if a gradient is used as an index of sanitary ventilation. 

Average lethal exposure, L, of organisms circulating from an occupied 
through an irradiated zone theoretically represents a statistical average of an 
infinity of gradients between occupants of a room. The average gradient 
derived in these studies was only 58 percent of the lethal gradient previously 
used as an index of sanitary ventilation. 

Gradients from a number of infectors to a single sampling point can also be 
averaged bacteriologically in a method by which average lethal exposure of 
test organisms atomized into four quadrants of a room is measured at the 
center (see Fig. 3). By compensating for directional circulation, the test 
averages disinfection gradients. The organisms are dispersed, with a minimum 
of atmospheric stratification, or disturbance, from crowns of little orifices in 
small vaporizers. In a series of nine comparative tests conducted the average 
lethal exposure obtained by this method was 60 percent of lethal gradient 
formerly used as a standard of sanitary ventilation, or about 3 percent higher 
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than the average lethal gradient. This method is an improvement which simpli- 
fies the measurement of sanitary ventilation (Fig. 3). 


EQUIVALENT RECIRCULATION 


Equivalent recirculation, A, derived for different light distribution in the 
rectangular room with end wall fixtures, is shown in Table 1. The distribu- 
tion of irradiation was varied, without altering circulation, by tilting the reflec- 
tor upward or downward, and by affixing a visor to the edge of the fixture. 
At high-beam angle, the corners between the end walls, and the ceilings were 
intensively irradiated; the air below the ceiling center was less intensively 


Fic. 3. AVERAGE LETHAL EXPOSURE OF ORGANISMS ATOM- 
IZED INTO FOUR QUADRANTS AND SAMPLED AT CENTER OF 
ROOM 
VALUES REPRESENT AIR CHANGES PER MINUTE WHICH 


WOULD ACCOMPLISH EQUIVALENT REDUCTION IN THE ROOM 
(LOW VISOR BEAM ANGLE AS IN UPPER DIAGRAM, FIG. 1) 


irradiated, from the flank of the beam. At low angle, a strong beam thrown 
across the room flooded the upper region above the seven-foot level, and light 
from the flank of the beam spilled into the lower occupied zone. This flanking 
irradiation below the 7 ft. level was then cut off by a visor: the zone above 
was left flooded. 

Average lethal exposure, L, is given in the first column of Table 1. Multipli- 
cation of foot-watt minutes of irradiation® by the value of a determined in the 
experimental room, gave the lethal equivalent, L,, of uniform irradiation in the 
room, shown in the second column. From efficiency of disinfection, L/L,, given 
in the third column, the values of L,/A and L/A in the fourth and fifth 
columns are taken. Equivalent recirculation A, is given in the last column. 

The low lethal exposure, L, with high-beam angle, was partly due to fore- 
shortening of rays, indicated by the low value of L,; but restricted circulation, 


® Computed from intensity distribution curves provided by the General Electric Co. 
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indicated by the large ratio of irradiation to circulation, L,/A, resulted in 
lowering the efficiency of disinfection, L/L,. Thus, cverturns of equivalent 
recirculation almost equal lethes of disinfection; or L/A is nearly one. The 
importance of natural air circulation in radiant disinfection was emphasized by 
an air overturn per minute, from the breathing zone through the small remote 
wedge of irradiation between the ceiling and the end walls, without special pro- 
vision for increasing air motion. 

Lenthening of rays and at the same time, lowering beam elevation increased 
irradiation more than three-fold; but the almost seven-fold increase in disin- 
fection emphasized the importance of distributing irradiation. The ten-fold 
increase in equivalent recirculation—which was due more to this distribution 
of irradiation than to actual circulation between irradiated and unirradiated 
zones—serves to contrast the effect of passing light through air with the effect 


TaBLeE 1. EQUIVALENT PECIRCULATION 


BEAM ELEVATION L/Lo Lo/A 


0.31 
0.64 
Low with visor.. ; 0.36 


L = negative natural logarithm of fraction of survivors. 
Lo = 500 times product of mean ray length in feet, lethal flux in watts, and time 
in minutes, divided by room volume in cubic feet. 


A = equivalent recirculation through irradiation, Lo, in exchanges or over- 
turns per minute. 


of circulating air through light, in equivalent recirculation by radiant disin- 
fection of air. 

The erythemal tolerance of occupants did not permit direct irradiation of 
the zones that they occupied, and approximately one-fifth of irradiation (below 
the seven-foot level) was cut off by a visor. This loss of direct irradiation 
of the occupied zone reduced equivalent recirculation more than three-fold and 
resulted in a net loss of about one-half in lethal exposure. Yet, even after 
radiation was sacrificed, a lower beam elevation gained more than three-fold 
in lethal exposure. 


CIRCULATION 


It makes little difference from a hygienic standpoint whether infection is 
destroyed by directing light through air or by circulating air through light. 
Utilization of natural circulation, however, is all important in sanitary ventila- 
tion by indirect irradiation, for mechanical circulation is expensive and drafts 
must be avoided. Therefore, to attain the full hygienic potentialities of radiant 
disinfection, the engineer must differentiate between circulation and equivalent 
recirculation. 

In the tests, in standard schoolrooms, effecti¥e circulation throughout the 
region most remote from the zone of occupany (with high-beam elevation) 


L/A A 

3.1 0.96 1.2 

1.0 0.62 12.8 

| 2.6 0.96 3.9 si 
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exceeded one overturn per minute. Between the regions above and below the 
7 ft level, 4 equivalent overturns per minute were almost attained with the 
visored low-beam angle and with an average intensity of 0.02 watts per square 
foot. Thus was demonstrated the practicability of providing in standard school- 
rooms, with natural circulation, and with 6 watt feet of irradiation per pupil 
a sanitary equivalent of 1,000 cu ft of ventilation per minute, per pupil. This 
result represents better than one-third of the maximum disinfection, L/L,, 
theoretically obtainable by means of uniform irradiation. 

The bacterial-density change in the passing of cubicle barriers on normal 
circulating currents, provides an independent method of estimating air motion. 
If the value of a here adopted is assumed, organisms circulating through a 
radiant flux of 0.2 watts per running foot of barrier, at a velocity of 16 ft 
per minute, would be exposed to the 6 lethes observed in tests on experimental 
cubicle barriers.1° This estimated average velocity normal to the curtain cor- 
roborates the ventilating engineers estimate of optional air currents, 1... 
approximately 30 fpm. 

Circulation defined by means of these formulas, however, should not be 
construed too literally. The complete mixing assumed in the theory of 
dilution by air replacement cannot possibly be satisfied in the circulation 
of large masses of air between occupied and irradiated zones. Although air 
turbulence theoretically makes the average disinfection gradients steeper, large 
fans actually decreased four-fold the average lethal exposure, as determined by 
the new method. Turbulence, however, would decrease exposure between infec- 
tor and infectee if vertical circulation normally exceeds lateral mixing. 


SANITARY VENTILATION By IRRADIATION 


Further analysis of sanitary ventilation by indirect irradiation will require 
a more detailed study of directional circulation. It may now be compared to 
disinfection of recirculated air or to ventilation with fresh air. With a high 
degree of disinfection, L approaches A, and recirculated air becomes the sani- 
tary equivalent of ventilation by an equal volume of fresh air. Likewise, with 
high intensity of indirect irradiation, L approaches A, as circulation approaches 
equivalent recirculation. Thus, for L/A 0.96, we may assume that three- 
fold increase in equivalent recirculation, at low-visored beam angle, represented 
actual circulation of three times as much air through the radiant beam as by 
either three-fold increase in the recirculation of disinfected air or ventila- 
tion by fresh air. 

The actual circulation of air was not affected by the change in beam angle, 
and the visor actually cut off some of the radiation. The effect of tripling 
recirculation of disinfected air, or ventilation with fresh air, was achieved by 
tripling the proportion of the air circulating between the lower and upper 
regions, intercepted by rays of triple length. Thus, equivalent recirculation, 
irradiation, and average lethal exposure were all proportionately increased. 
This is one way in which ray length, discussed in a preceding paper,!! increases 
radiant disinfection. 


1° Bacteriologic Study of Radiant ‘Disinfection of Air in the Control of Epidemic Spread of 
Contagion. by W. F. Wells and R. Greene, Meeting of American Public Health Association, October 
14, 1941. 
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If, instead of increasing ray length, beam intensity had been increased three- 
fold, average lethal exposure would not have changed appreciably; the same 
amount of air would have circulated through the beam. If, on the other hand, 
ray length had been increased, without changing the amount of irradiation 
(beam intensity being correspondingly reduced), lethal exposure would have 
been doubled, because of the greater volume of air circulating through the 
longer beam. Since efficiency of irradiation (defined in the preceding paper )® 
is proportional to mean ray length, it is also proportional to efficiency of disin- 
fection by indirect irradiation. 

The significance of mean ray length in direct and indirect irradiation can 
now be compared. Both are but special cases of the general law of radiant 
disinfection, namely, that the number of killed organisms is proportional to 
the radiant energy intercepted by living organisms. Thus, maximum disinfec- 
tion results from uniform exposure, because of uniform distribution either of 
light or of living organisms. With non-uniform distribution of light, circula- 
tion makes for uniform exposure of surviving organisms; and, with infinite 
circulation, the maximum disinfection by uniform irradiation would be reached. 

Equivalent recirculation, then, measures the approach to uniform lethal 
exposure, because of wider distribution of irradiation, or of more rapid mixing 
of the living organisms by air circulation—or the interdependence of both. With 
widening distribution of irradiation, therefore, the irradiated zone shrinks, until 
recirculation finally becomes the circulation of irradiated air through the pre- 
viously unirradiated zone. The line of demarcation is not distinct, for equiva- 
lent recirculation in direct irradiation includes the circulation of less intensely 
irradiated air through more intense irradiation. Even though actual circula- 


tion is negligible, equivalent recirculation approaches infinity as uniformity of 
irradiation is approached. This fact is clearly illustrated by the high value of 
equivalent recirculation at low-beam angle; and though below the seven-foot 
level, the visor cut off only one-fifth of the irradiation, lethal exposure was 
reduced more than three-fold—another reason why ray length, or efficiency 
of irradiation, was emphasized in a preceding paper.!? 


SANITARY SPECIFICATIONS 


Foot watts of irradiation can readily be computed? if the fixture designer 
gives the percentage of rated lethal flux radiated in each direction. Such com- 
putations would be facilitated if the irradiation engineer tabulated mean ray 
length for different distances of the fixture from the ceiling and walls. In 
the absence of such data, the sanitarian is usually justified in estimating L, by 
applying mean ray length in a vertical plane normal to the center of the tube. 

As the art of irradiation develops further, factors characterizing circulation 
in typical situations will accumulate. Until, however, the ventilating engineer 
can fully define air circulation in occupied spaces, it will be necessary to inte- 
grate equivalent recirculation by means of the bacteriological procedure pre- 
sented here. In the simple case of standard schoolrooms, for example, four 
over-turns per minute between the zones just above and just below the 7 ft 


11 See Reference 2. 
12See Reference 2. 
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level were found. Under similar conditions, therefore, the engineer is justified 
in assuming A to be four times the efficiency of irradiation (mean ray length 
divided by the cube root of the volume) defined in a preceding paper.'4 

The efficiency of disinfection, L/L, corresponding to L,/A defines L, lethal 
exposure. If the architect, acting for the owner, specifies sanitary ventilation, 
the ventilating engineer reverses the calculation, translating the specifications 
into foot watts of irradiation required by the appropriate efficiency of irradiation, 
i.e., equivalent recirculation. 


SANITARY VENTILATION By CHEMICAL DISINFECTION 


Tedious scientific experiments in sanitary ventilation were required to estab- 
lish droplet nuclei contagion by a process of elimination by means of radiant 
disinfection. Similar analysis will become necessary in demonstrating the effect 
of sanitary ventilation by chemical disinfection with hygroscopic vapors. It 
should not be assumed, as has sometimes been found convenient, that variations 
in lethal vapor concentrations are non-existent in practice. Uniform vapor 
saturation, required for effective disinfection, cannot be maintained, either in 
time or space, amid fluctuating temperatures and humidities of habited 
atmospheres. 

One purpose of heating and ventilation is to maintain comfortable tempera- 
tures indoors when outdoor air is cold. Steep temperature gradients make uni- 
form saturation of vapor impossible, and cause inevitable variations in lethal 
exposure of organisms added at one point, to vapor added at another. For 
instance, concentrations saturated at the working level would be subsaturated 
in the upper part of the room, where the temperature might be several degrees 
higher. Saturation in upper part of the room would mean supersaturation below. 
Puck® has shown that the problem is still further complicated by the fact that 
Saturation of hygroscopic vapor is complementary to saturation with water 
vapor. Therefore, the lethal concentration of the vapor varies not only with 
temperature, but also indirectly with variations in relative humidity at differing 
temperatures. Moreover, condensation upon cold window panes and other sur- 
faces obviously lowers the concentration in the room atmosphere. Without 
evaluation of these factors, it is impossible to apply laboratory results on chemi- 
cal disinfection directly to sanitary ventilation. The integration of lethal 
exposure of standard test organisms, drifting on air currents from one point 
to another, is the straightforward method of evaluating chemical, as well as 
physical, disinfection in sanitary ventilation. 


PROPAGATION OF INFECTION IN T1ME* 


Up to this point, consideration has been given only to the elimination by 
sanitary ventilation of organisms constantly added to an enclosed atmosphere. 
Measurement of the addition rate of infection upon which the equilibrium con- 
centration equally depends, at first would seem to be an independent problem. 
In view of the difficulties of isolating and identifying pathogenic organisms in 


'® See Reference 2 
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natural atmospheres simple formulation might seem not too encouraging. On 
the contrary, however, deeper analysis of the dynaniics of droplet nuclei infec- 
tion discloses an implicit relationship: the infectees of one generation become 
the infectors of the next. Thus, the spread of contagious epidemics through 
enclosed atmospheres vitiated by the nuclei of droplets expelled by the occu- 
pants becomes a true chain reaction to be controlled by sanitary ventilation‘. 

For theoretical epidemics in groups of like nature, similarly exposed, there 
has been mathematical expression of the autocatalytic nature of contagion, the 
power to grow like fire by its own activity. Thus Wilson and Worcester5 
state that: 

Almost all workers in the analytical theory of epidemics assume that the rate 
at which an infection passes in a population is proportional jointly to the 
product of the number of persons, J, who are infectious and the number of per- 
sons, S, who are susceptible to the infection. 

This is called the law of mass action and may be written: 


where 


C = rate of new infections. 

= a constant, the effective contact rate. 
number of persons who are infectious. 
number of persons who are susceptible. 


ll 


EFFECTIVE Contact Rate* 


Every mother learns to expect all her children, who have not yet had measles, 
to come down with the disease within two weeks after one brings it home. In 
Providence, R. I., Chapin® found 80 to 90 percent of susceptible young children 
caught measles from a sick brother or sister. Epidemiologists have generally 
confirmed this secondary attack rate, which they regard as a characteristic 
of contagious diseases of childhood. But if the effective contact rate represents 
the static dissemination of the virus in space it also becomes a characteristic 
of the home. 

Only about one in 10 susceptible classmates on the average takes the disease 
from a pupil coming down with measles while attending class. As compared 
with the high secondary attack rate in the home this effective contact rate of 
10 percent in the classroom may seem unimpressive. But it represents only 
the static spread of the disease in the first generation; school children usually 
attend classes until symptoms appear and by re-exposing the class give rise to 
a second generation. This linkage of cases in one generation to infectors of 
the next forges chains of successive generations of infection. 

Consider, for instance, the chain of generations for a 10 percent effective con- 
tact rate when a member of a class containing 20 susceptible pupils comes down 
with measles. Among the 19 remaining susceptible classmates it would be 
expected that two would contact the disease within the next two weeks; these 
would re-expose the remaining 17, giving rise to three more cases in the second 
generation. Exposure of the 14 susceptible pupils to three cases should yield 
five cases in the third generation, four in the next, two in the fifth, and the 
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epidemic would end with a single case in the sixth generation; two susceptible 
pupils escaping infection. Seventeen cases among the 19 exposed susceptible 
pupils gives a total attack rate of almost 90 percent or about equal to the 
secondary attack rate in the home. But in the home they resulted from an 
80 or 90 percent effective contact rate in the first generation. This intensive 
static dissemination of infection in space accomplished in one generation what 
required six generations of propagation of contagion in time with an effective 
contact rate of 10 percent in the schoolroom. 

With less than 10 susceptible pupils per classrom it would not be expected 
that on the average one would catch the disease from a classmate coming down 
with measles; by scattering the susceptible pupils through classes who have 
had measles the epidemic cannot propagate in time.8 Obviously, while cases 
exceed infectors, rS is greater than unity and generations are growing, reach 
a steady state at the peak of the epidemic when rS;= 1, and decline when infec- 
tors exceed cases, or r§ falls below unity. The density of susceptible’ persons, 
Sz, at the epidemic peak, or the reciprocal of the effective contact rate, is 
called the threshold, because if this density is not maintained by accession of 
persons susceptible to the disease, as when contagion becomes endemic, cases 
are sporadic and the disease dies out. 


SANITARY VENTILATION* 


The amount of infected air breathed in a given time by susceptible persons is 
proportional to S (the number of susceptible persons) ; the amount of droplet 
nuclei infection contributed to the air by the previous generation of cases to 
I (the number of cases); and the dilution of infection afforded by ventilation 
to r, or to the reciprocal of /,S, where )’, represents ventilation per suscep- 
tible occupant. Since rSy becomes unity at threshold density of susceptibles, 
ventilation per susceptible occupant at this density, V’;, becomes the natural 
sanitary unit of ventilation. The law of mass action, as applied to air-borne 
contagion, then becomes : 

IV; 
and in terms of V7 as the sanitary unit of ventilation the formula for sanitary 
ventilation reduces to: 


or the reciprocal of the effective contact rate. Only below threshold ventilation, 
or when IV, is less than V7, can droplet nuclei contagion become epidemic; 
cases are sporadic when |’, exceeds I’7, and the infection dies out. 


THRESHOLD SANITARY VENTILATION? 


There remains then only the hygienic specification of sanitary ventilation 
which is a more ambitious problem. Yet, within a decade, medical opinion has 
abandoned the conviction that air could be but an insignificant vehicle of infec- 
tion, in favor of a theory that the indoor air we breathe accounts for much 
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of our respiratory illness during the winter. Summer ventilation, on the con- 
trary, will not support contagious epidemics’. The maximum ventilation capable 
of maintaining infection introduced into aggregations of susceptible individuals 
is threshold sanitary ventilation—the minimum hygienic specification. 

Studies of the dynamic spread of contagion in classrooms® suggest a threshold 
of about five times normal winter ventilation (i.e. about 5 & 30 cfm per pupil), 
theoretically attainable by one foot watt of irradiation per pupil with the effi- 
ciency of disinfection determined in these studies. Considering how sensitive 
radiant disinfection is to moisture, and also in view of the practical exigencies 
of sanitary ventilation and the uncertain values assumed in the theory, as well 
as the low cost of irradiation, good engineering dictates the fullest practicable 
utilization of available natural circulation. Table 1 condenses and interprets 
the results of these studies of sanitary ventilation which checked the dynamic 
spread of epidemic childhood contagions in classrooms «‘uring 21 school years’ 
experience®, Six foot watts of irradiation per pupii « «ceeded threshold sani- 
tary ventilation in classrooms during the winter*. Scientific definitions, prin- 
ciples, formulations, and derivations of factors governing the formulations of 
the radiant disinfection of air are being summarized in a paper being prepared 
by the author. 
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DISCUSSION 


B. H. Jennincs, Evanston, Ill. (Written): I would like to add a few words 
concerning sanitary ventilation by chemical disinfection, which is less well under- 
stood than radiant disinfection. Much of the earlier work with chemical disinfection 
was concerned with establishing chemical atmospheres in a treated space of such 
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quality that immediate killing of all bacteria occurred. This desirable objective can 
be accomplished with triethylene glycol vapor of adequate concentration, under 
conditions where relative humidity is not excessively high nor excessively low. This 
requires concentrations at 75 F of approximately 0.004 milligram of triethylene glycol 
per liter of air and the fog limit for the triethylene glycol vapor is approached. A 
triethylene glycol fog is not deleterious, but it is objectionable from an appearance 
viewpoint and from the possibility of condensation on cold surfaces. 

Recent work in this field has been conducted in connection with investigating the 
air-sterilization effectiveness of glycol vapor in relatively low concentrations, namely 
in the range 0.001 to 0.002 milligram per liter of air. Controlled bacterial tests 
show that killing of all bacteria is not instantaneous but that an extremely great 
reduction in bacterial colony count occurs ; in time, test plates show no evidence 
of any bacterial life remaining in a treated room. Some of the elimination of 
bacterial activity can be attributed to the natural dying out rate, but the greater 
portion of it appears definitely to take place because of the triethylene-glycol-vapor 
action. 

Standards for such air sterilization should also be set up, and more papers of 
the type of this fine paper by Dr. Wells should be presented before the Society. 

AutuHor’s Ciosure: The remarks of Professor Jennings are especially appreciated 
because he has devoted so much time in recent years to the study of sanitary ventila- 
tion by chemical disinfection. His discussion emphasizes the distinction between 
sterilizing air in a laboratory experiment and the practice of air disinfection in sani- 
tary ventilation. In the former it is possible to do things which are not feasible in 
air breathed by human beings, but it is not necessary in sanitary ventilation to 
sterilize air—ventilating engineers only have to prevent the dynamic spread of air- 
borne contagion. 

I heartily agree with his statement that much work which should receive the 
attention of ventilation and sanitary engineers needs to be done. The time has come 
when sanitary ventilation should concern our Society as much as water purifica- 
tion has concerned the American Water Works Association. We can win the respect 
of the public by recognizing the obligation of purveying pure breathing air and 
accepting full responsibility for the implications. 


| 


No. 1341 


THERMAL INSULATION OF CLOTHING 


By C. P. Yactou*, Boston, Mass. 


HE PURPOSE of clothing, as everyone knows, is to provide thermal insu- 

lation that will spare bodily effort in adaptation to environmental changes. 
What is not well known is, how much insulation is offered by various kinds 
of clothes, and how much insulation is required to maintain comfort at rest 
or work under various environmental conditions. 

Although the insulation value of samples of fabrics composing a garment 
can be measured readily by the hot plate or the cylinder method, such simple 
measurements are of no great value in predicting the warmth of the garment 
to the wearer. The style, looseness of fit, porosity, compression, moisture 
retention, and stiffness of fabric resulting in bellows action, can modify con- 
siderably the efiectiveness of fabric insulation. Tests must therefore be made 
on persons wearing the clothes and exposed to environmental conditions simu- 
lating those for which the clothes are intended. 


In the last war, much research was sponsored by the military services to 
gain information for designing uniforms suitable for practically every climate 
of the world from the arctic to the tropics. Two principal methods were 
developed for evaluating clothing insulation, the heat-loss and the temperature- 
gradient method. The purpose of this paper is to discuss the usefulness and 
limitation of these methods. 


Heat-Loss Metuop For EstTIMATING OVERALL INSULATION OF CLOTHES 


This method, first proposed by Gagge, Burton, and Bazett!, is used for 
evaluating overall insulation of cold weather clothing. Subjects wearing the 
clothes to be tested are exposed to a suitable temperature, in a refrigerated 
room, for two to three hours until the body cooling rate becomes nearly steady. 
Observations are then made of metabolic rate, moisture loss, and of skin, rectal, 


* Professor of Industrial Hygiene, Harvard School of Public Health. Member of A.S.H.V.E. 
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and air temperatures, from which the thermal resistance of clothes is computed 
by using the following heat balance equation: 


where 
Ha = M + 244 + (2) 
and 
Ra = As (ts — ta) mi (3) 


u+ossw @ Ant s040P 


Using the British system of units throughout, 


HH, = sensible heat loss through the clothing, in Btu per hour, assuming a negli- 
gible amount of air leakage into and out of the clothing. 


As = total body skin area estimated by the method of DuBois?, square feet. 
M = total metabolic rate, Btu per hour. 
0.83 = average specific heat of human body, Btu per (pound) (Fahrenheit 
degree). 
W = weight of unclothed subject, pounds. 
Atr = rate of fall of rectal temperature, Fahrenheit degrees per hour. 
Ats = rate of fall of mean skin temperature, Fahrenheit degrees per hour. 


creasing skin and rectal temperatures. 


1040 = heat of vaporization of perspiration at skin temperature, Btu per pound. 
It is assumed that vaporization takes place at the surface of the skin, and 
that the vapor passes through the clothing without condensation. 


P = moisture evaporated from skin and lungs, pounds per hour. 


Re = thermal resistance of clothing assembly, Fahrenheit degrees per (Btu) 
(square foot) (hour). 


Ra = thermal resisiance of air, Fahrenheit degrees per (Btu) (square foot) 
(hour). This is the reciprocal of film conductance (f) representing the 
combined heat transfer to and from the outer clothing ome aces by radia- 
tion, conduction, and convection. 


Heat-loss in warming the inhaled air is usually neglected when subjects are 
resting, but should be taken into consideration when subjects are engaged in 
heavy physical work. 

Recently, a new unit of clothing insulation, the Clo, has been adopted, to repre- 
sent the insulation value of ordinary indoor clothes capable of keeping a man 
comfortable in still air at 70 F with relative humidities of less than 50 percent. 
It has been estimated! that a Clo is equivalent to a thermal resistance of 0.88 F 
deg per (Btu) (hr) (sq ft), or to a conductance of 1.14 Btu per (sq ft) 
(hr) (F deg). 

Substituting this value in Equation 3; 

Ia = £36 — Clounits ... . (4) 


1 Exponent numerals refer to References. 
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The insulation of air I, can be approximately computed from the following 
expression suggested by Burton? : 


Il, = (5) 


V X 537 
61 0.135 — 
460 + ta 


where 


ta = air and wall temperatures in Fahrenheit degrees. 
V = air movement, in feet per minute. 


Values obtained by this equation are fairly close to corresponding f (surface 
conductance) values given in the HEATING, VENTILATING, AIR CONDITIONING 


TasB_eE 1. INSULATION VALUES OF MEN’s WINTER AND SUMMER CLOTHES 


Estimated by the heat-loss and temperature-gradient method from observations on a 
group of 22 men resting comfortably in air conditioned rooms. 


WINTER SUMMER 

SEASON SEASON 
/.verage weight of clothes excluding footwear..................c000+. Ib 6.4 3.0 
%| 30 55 
BEF 20 20 
starlace aren. OF sq ft| 19.7 18.6 
Moisture evaporated from lungs and skin........................000608 lb/hr 0.11 0.16 
Average skin temperature under the clothes.........................0000+. F) 92.8 93.8 
Average outside surface temperature of 81.7 88.0 
Insulation of air computed by Equation 5................00.00ccceseees Clo 0.84 0.82 
Insulation of air computed from above data.....................0:00000- Clo 0.83 0.83 
INSULATION OF CLOTHES by heat-loss method................ Clo 1.02 0.71 
INSULATION OF CLOTHES by _temperature- 


GuipE 1947, For example, if t, = 70, and V =25 fpm, J, = 0.79 Clo by Equa- 
tion 5, and f= 1.44; if V = 1000 fpm, 7, = 0.20, and f—5.68. 

Only the overall insulation can be studied by this method. Observations are 
usually made with subjects at rest and with all closures properly fastened to 
prevent air leakage into and out of clothes. Such tests give the maximum insu- 
lation rating. In subfreezing temperatures it is desirable to keep hands and 
feet at a neutral temperature (65-75 F) by means of electrically heated gloves 
and footwear, although this is seldom done. Without artificial heating, the 
extremities will cool down quickly and may set a limit to the endurance even 
though other parts of the body may be adequately protected. 

With subjects at work, clothing may lose much of its insulation due to wetting 
by perspiration, and to increased ventilation due to pumping action. The latter 
is of advantage in preventing accumulation of sweat during work in the cold, 
and in alleviating chilling during rest after the exercise. 
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Tas_e 2. OverALL INSULATION VALUE OF A MILITARY WooL-PILE UNIFORM 
(10.2 tp), Worn Over Cotton-woo. UNDERCLOTHING (2.2 LB) 


Computed by the heat-loss method from observations on two subjects, after an 
exposure of 2%4 hr to an average temperature of —1.4 F with 20 fpm air movement. 
Hands and feet electrically heated to about 75 F 


Total metabolic rate after 21% hours of exposure..............00..0.0...c6cc0cceee Btu/hr 445 
Mean skin temperature under the uniform, 2% hours......0...0...00...0....0cccseseeeeees F 82.4 
Rate of fall of mean skin temperature, 2% hours..............0...0.00.00:0000004 F deg/hr 0.60 
Rate of fall of rectal temperature, 2% hours..................0...00c::ccceeeseeees Fdeg/hr 0.45 
Moisture evaporated from skin and lb/hr 


1.14 X 21.1 (82.4 + 14 


445 + 0.83 x 158 + 0.60) _ 1040 x 0.05 


a For whole amit as against 3.0 Clo, obtained by temperature gradient method in Table 3. 


Tasie 3. INSULATION VALUE OF WooL-PILE UNIFORM DESCRIBED IN TABLE 2 


Computed from simultaneous observations of temperature gradients. Skin area 
under the uniform, 17.2 sq ft. Outside surface area of uniform, 22.6 sq ft. 
Insulation of air, 1.0 Clo. 


| | 
MEAN TEMPERATURE F | Cro VALUES | 
|| PRes- 
AREA UNDER | | - SURE THERMAL 
OBSERVATION Skin- | inside | outside under- pile LB/SQ | SENSATION 

under- pile pile cloth- gar- Total IN. 

wear surf | surf. ing ment (Ct) 

(és) (4) | (lo) (lu) Ue) 
Shoulder... conven} $2.6 | 53.5 | 11.6 | i8 | 30 | 48 || 0.00| cold 
Chest ai a he | 17.1 1.9 1.4 3.3 0.05 | cool 
Abdomen see} 88.8 | 38.1 14.9 || 2.5 1.3 4.0 0.02 | cool 
86.9 | 71.3 | 23.5 0.5 1.8 2.2 6.25 | cold 
BE FI icesssicncscsstsccrees 87.3 | 37.9 | 18.1 | 2.1 0.9 3.1 0.30 | cool 
Upper arm..................... 78.4 | 50.3 | 10.6 || 1.9 | 3.1 4.9 0.05 | cold 
Elbow, bent...... Serena 69.2 | 49.7 | 188 || 08 | 14 | 22 1.00 | very cold 
es eae. 73.3 | 56.2 17.4 0.7 2.0 2.6 0.15 | cool 
Jacket, wghtd. mean....| 83.9 | 50.2 | 16.2 || 1.6 | 18 | 34 — | cold 
77.4 | 69.4 | 59.62'| 0.2 | 0.4 | 0.6 || 13.30 | cool 
Thigh, front.................... 83.4 | 60.9 | 193 | 08 | 18 | 2.6 || 0.20! cool 
yi eee 80.1 63.6 22.2 0.5 oe 2.0 0.10 | cool 
| SEE wnees. 68.9 | 48.7 | 17.6 0.8 1.5 2.3 0.75 | cold 
| enone 73.5 | 43.1 12.7 ey 2.0 3.6 0.00 | cool 
EERE Senne 70.5 38.3 9.1 2.4 2.6 5.0 0.00 | cool 
Trousers, wghtd. mean.| 77.0 | 55.1 | 17.6 || 0.9 | 18 | 2.7 -- 

| | 

Jacket and Trousers......| 80.5 | 52.7 | 16.9 || 1.2 18 | 3.0 | — | cold 


a Temperature of trouser seat in contact with chair. Equivalent trouser seat temperature in con- 
tact with air = 24.9 F. 


, 
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TEMPERATURE-GRADIENT METHOD FOR EVALUATING LOCAL AND 
OVERALL INSULATION* 


This method has a broader scope, and yet it is simpler than the heat-loss 
technique, as it involves measurement of temperature gradients only, with sub- 
jects similarly exposed. The underlying principle is that, barring appreciable 
air leakage into and out of the clothes, the amount of sensible heat passing 
through any particular area of a garment or combination of garments, is equal 
to the heat loss from corresponding areas of the outermost garment by radia- 
tion and convection to the external environment. 

The following equations should therefore hold for heat flow through oxter 
garment areas: 


(ti — to) (Aj + Ao) (to ta) 
To x 2 
and 
_ (ti — bo) (Ai + Ao) = 


Likewise the composite insulation of underclothing and trapped air layers 
is given by: 
- —4 y Ai) 


and the overall insulation of an assembly as a whole is given by: 


(ts — to) (As + Ao) 
h = I, 
to — ta x 2Ao x ( ) 
where 
fj and fo = inner and outer surface temperature of garment being tested. 
ts and tg = skin-underwear temperature, and air-wall temperature. 
Aj and Ao = inner and outer surface area of garment being tested, estimated by 


Simpson’s rule. 

As = skin area covered by clothing béing tested, estimated by the method of 
DuBois?. 

Io and Jy = thermal insulation of outer garment, and of underclothing including 

resistance of trapped air layers. 

Ia = surface resistance of outer clothing, insulation of air, approximately com- 
puted from Equation 5, or more accurately determined by the hot 
cylinder or hot plate method, using samples of fabrics being tested. 


If t,, tj, and ¢,, are spot temperature readings, the computed insulation will 
be that of the spot under observation. Substitution of weighted mean tempera- 
tures of a segment, a whole garment, or of a whole assembly in Equations 7, 
8 and 9, will give the mean insulation of the item under consideration (see 
Table 3). 

Temperature gradients are measured on at least fifteen areas of the body 
(Table 3) by thermocouples of No. 30-35 gage wire, sewed onto the innermost 
surfaces of the underclothing, next to the skin (skin-under-wear temperature), 
and on corresponding areas on the inside and outside of the outermost garments. 
Thermocouple junctions attached to exposed surfaces are covered with a strip 


= 
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of adhesive tape. Pile temperatures of unlined shearling or wool-pile gar- 
ments, can be measured approximately by thermocouples fastened to discs 
of light, loosely woven cotton cloth, sewed onto the shearling skin or to the 
pile fabric without compressing the fibers. 

Gloves, footwear, and headgear are wired and tested as separate items (see 
Table 4) unless they are integral parts of a uniform. In subfreezing tempera- 
tures, boots and gloves are tested with men walking, or step-climbing at a steady 
rate, in order to keep the feet warm without applying external heat. The 
trouser cuffs usually are tucked into the boots to prevent air leakage. 

Wherever possible, it is desirable to keep the air movement low because the 
outer surface temperature of heavy clothes approaches air temperature with 


TABLE 4. THERMAL INSULATION OF Two Types oF MiILiTArY FOooTGEAR, 
EsTIMATED BY THE TEMPERATURE GRADIENT METHOD 
Subjects working (step-climbing) in a temperature of 19.2 F with trouser cuffs 


tucked into the boots. Air movement over boots, 95 fpm. Insulation of air by 
physical tests, 0.5 Clo. 


| Compat Boots SHOEPAC WITH CUSHION 
| CusHIon SOLE Socks SOLE AND Socks 
Footskin | Boot Surface Footskin Boot Surface 
| Temp F Temp F Temp F Temp F 
Around sides of foot.............0......0...0...... .| 758 | 43.6 83.8 30.2 
Around ankle region... | 848 | 438 | 873 39.3 
Around lower calf and shin region........ ‘| 86.4 {| 45.7 | 89.7 38.1 
Weighted mean temperature.................. | 818 | 426 | 87.0 35.1 
Insulation value of footgear.................... | 0.76 Clo | 1.32 Clo 


high velocities and, therefore, even small errors in measuring surface tem- 
peratures might significantly affect the results. If high velocities are essential 
to the purpose of tests, a greater number of surface thermocouples must be used. 


CoMPARISON OF Two METHODS 


In Tables 1 to 4 are shown results obtained by the two methods with various 
clothing assemblies. The heat-loss method, as a rule, gives from 10 to 30 per- 
cent higher insulation ratings than does the temperature-gradient method; and 
when hands and feet are inadequately protected, the discrepancy may be even 
greater. Sweating or shivering may further complicate the comparison. 

One important difficulty is the lack of a method for estimating body heat 
debt in low temperatures, as Winslow® et al have shown recently. The factors 
of 2 and 1 in Equation 3, by which changes of rectal and skin temperatures 
respectively are weighed, do not remain constant, but vary with environmental 


= 
. 
, 
‘ 
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conditions and with individual constitutional factors. The tendency in sub- 
freezing temperatures is to underestimate the heat debt, and this in turn leads 
to an overestimation of insulation. Although moderate heating of hands and 
feet appears to give more concordant results by the two methods, there is no 
way of predicting the effect of external heat on mean skin temperatures, heat 
debt, and heat-loss. This effect can automatically be compensated by measur- 
ing temperature gradients across the surfaces of garments, as is done in the 
gradient method, but not in the heat-loss method. 

The only gradient conventionally measured in the heat-loss method is that 
from the skin to external air. Any extraneous influence on skin temperature, 
such as, the effect of previous environment, the specific dynamic action of 
food eaten, insulation of gloves, footgear, and headgear, psychological disturb- 
ances, etc., can produce irrelevant variations of the overall gradient and of 
insulation value. 

Some workers have attempted to overcome such difficulties by using electri- 
cally heated copper dummies in which skin temperatures and heat-loss through 
garments can be accurately measured. In effect this is a reversion to the hot 
cylinder method. The only advantage is that a full-sized dummy takes account 
of body shape factors which are important in studying insulation of gloves 
and boots. Other workers have looked into the possibility of estimating insu- 
lation from the total thickness of air spaces and fabric layers measured on 
human subjects. 

The most serious limitation of the heat-loss method is that it deals only with 
overall insulation of whole assemblies, and cannot be applied to evaluating insu- 
lation on body areas that are particularly sensitive to cold, such as, the 
shoulders, back, elbows, knees, hands and feet. As can be seen in Table 3, 
different parts of the body require different amounts of insulation, and clothing 
must therefore be designed in accordance with these facts. Inadequate protec- 
tion of critical areas greatly reduces endurance to cold even though the overall 
insulation of an assembly may appear adequate. It is clear that the heat-loss 
method falls too short of the purpose for which it originally was intended. 

The temperature-gradient method was developed especially for evaluating 
insulation of critical areas, gloves and boots, or of whole assemblies*. It pro- 
vides information for studying the cause of failure at break-down points of 
garments, from a consideration of local skin temperature and insulation value, 
possible air leakage, compression pressure, and sensations of warmth (see 
Table 3). It is not necessary to know the metabolic rate, rectal temperature, 
body heat debt, or heat-loss by evaporation in this method. It is important, 
however, that the insulation value of air be accurately estimated because this 
quantity appears as a multiplier in Equations 7, 8 and 9. 

Although results so far obtained by the gradient method appear promising, 
there is not enough experience to judge its possibilities and limitations at 
this time. 
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DISCUSSION 


H. C. Bazett,? Philadeiphia, Pa., (WrittEN) : Professor Yaglou is correct in con- 
cluding that our methods of measuring the insulation of clothing are far from ade- 
quate. I fully agree with his criticisms of the heat loss method for which Burton 
was mainly responsible and of the rough quantitative deductions, to which my name 
is attached, which were mainly developed by Gagge. Unfortunately, | am not fully 
convinced that the temperature gradient method is any better. However, by the use 
of the two methods we do have some gain, for the sources of error of the two 
are different. 

The heat gradient method depends on the use of the insulation of air as a standard. 
It is an uncertain standard. It can be measured, it is true, by a hot cylinder method 
but it remains doubtful whether the value so obtained applies to conditions of the 
body or of clothing as worn. The insulation of the air is well recognized to be 
greater for a plane surface than for a cylinder, and to be less for cylinders of small 
radii. A cylinder of the approximate radius of the arm or leg could be used, but 
how is one to estimate accurately the integrated value of the radius for a limb with 
elbows and othe irregular excrescences? 

The thermal gradient estimates given in this paper are some 88 percent lower 
than those determined by heat loss for winter conditions, while the difference is 
even greater for the summer clothing. However, recent work by one of my stu- 
dents, Mrs. L. Love, on the heat loss from a bare foot in cold and warm conditions 
(maintained unchanged for days), demonstrates that the insulation value of the air 
circulating around the foot within a calorimeter (which was utilized to measure the 
insulation, probably with reasonable accuracy) at the same air velocity is entirely 
different in cold and warm conditions. This is not a physical change but a physio- 
logical one, for it is found on a bare foot, but not on a boot heated from within by 
an equivalent amount of heat. One factor in its causation is that the individual 
exposed to heat and adapted to it, loses heat mainly from.the toes and similar skin 
areas covering cylinders of small radius. Under cold conditions the toes are allowed 
to cool so that their temperatures differ little from that of the environment and the 
heat loss then is mainly from cylinders of larger size. Thus, in this case at least, 
the insulation of the air is not a physical constant but can be varied by physiological 
adjustments. The phenomenon here referred to concerns convective heat loss and it 
appears impossible to attribute it to confusion with evaporative loss. 

Professor Yaglou and I do not disagree so much as might first appear, for we 
both feel that methods must be much more fully developed to give accurate results. 
Also, we both find it much easier to see the mote in the other’s eye rather than the 
beam in our own. Such friendly rivalry ultimately will bear good fruit by produc- 
ing greater knowledge and improved methods. 


K. E. Bett,8 Peabody, Mass., (Written): In the development of low temperature 
clothing for Air Force personnel, it was found that comfort is dependent on many 
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factors. Professor Yaglou’s temperature gradient method was proved helpful, readily 
locating breakdown points such as areas compressed by elbows, hips, etc. In such 
cases temperature gradients readily show weak points and give excellent values (com- 
parative) with different materials and constructions. 

Professor Yaglou’s presentation makes it clear that the temperature gradient method 
warrants additional subjective studies. 


A. C. Burton,® London, Ont., Canada, (WRITTEN): I would plead with Professor 
Yaglou to alter his nomenclature to conform to what has now been accepted by 
sO many interested in these matters. Although he uses the term insulation he uses 
the symbol FR (resistance) for this. Would he please use J as the rest of us now do? 
I notice that, without explanation, he changes from FR to / 


Again, I wish he could be persuaded to use kilocalories, instead of Btu, kilograms 
instead of pounds, square meters instead of square feet, and degree Centigrade instead 
of degree Fahrenheit. 1 realize the paper is written for the A.S.H.V.E. and engi- 
neers to whom the units he uses are much more familiar, but we have succeeded in 
getting the physiologists and the administrators of OQMC, etc., to think in cgs 
units; even the meteorologists in England have gone to degree Centigrade and I do 
not despair of getting the engineers to do so some day. In this field which is largely 
physiology, the units he uses are utterly unfamiliar to the physiologists. The equa- 
tions, using Clo units, are much simpler in this cgs system. 

In the definition of the Clo unit, he omits the very important condition that the 
man concerned must be at rest (heat production 1 Met. or 50 Cal per (sq in.) (hr). 
This omission might encourage the reader to forget that the heat balance depends 
just as much on the heat production as on the heat loss. 

Professor Yaglou’s reference to loss of insulation value, due to wetting by perspira- 
tion and air pumping action during work, might imply that wetting of clothing is 
advantageous, whereas it is the big difficulty we are now tackling. I know Professor 
Yaglou does not mean this, but it might be so understood. 

General comment as to the method of Professor Yaglou: I was previously familiar 
with this ingenious method and thoroughly approve of it in principle. It is interest- 
ing to me that it is identical in principle with the method I devised for measuring 
the thermal insulation (or conductivity) of the peripheral body tissues as long ago 
as 1934. (However, since LeFevre in 1911 did the same thing I cannot claim much 
originality.) I also agree with Professor Yaglou as to the limitation of the heat 
balance method. However, he does not emphasize some hidden errors in his method 
that may be equally great. 

These errors exist because the whole method is based on an accurate knowledge 
of the value of the insulation of air, /». It is all very well to assume a standard 
value for this, based on the air movement, measured presumably at some distance 
from the body. But what is the value of /g in the vicinity of a hand that is swing- 
ing with the motion of the body, near the trunk of a man marching at 3 mph on 
a treadmill in a chamber where the air movement is 5 mph? No one would claim 
to be able to calculate this. 

A second factor capable of changing /a is the curvature of the surface losing heat. 
When the radius is small, it is impossible to obtain a high value of insulation for 
this reason. (This factor is well known in the electrical analogue of resistance to 
current flow, in the well known action of points in discharging a condenser.) This 
is the basic reason why it is impossible to get more than 1% to 2 Clo units insula- 
tion in a glove. The same factor must change the value of Ja where acute curva- 
tures are concerned. Until these points are elucidated, I do not think Professor 
Yaglou can be sure that his method possesses greater accuracy. 

The inability to calculate accurately heat storage when steady.states are not reached 
in the experiments applies as well to Professor Yaglou’s method as the others, though 
due to the lower thermal capacities of clothing compared to tissues, the errors will 
not. be as great. I have always pointed out in the heat balance method, which I 
believe I originated, that good results were obtained only when experiments were 
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done close to steady state conditions, i.e. at temperatures where protection by cloth- 
ing was adequate. Others using the method have tended to forget this precaution. 


These criticisms do not alter my opinion that in this discussion Professor Yaglou 
has made a very valuable contribution to our knowledge in this important field. 


A. P. Gacce,1® Dayton, Ohio, (WritteN): In the Aero Medical Laboratory at 
Wright Field we have had considerable success using a copper manikin and copper 
hands and feet for evaluating thermal insulation of clothing. Our manikins were 
all made by the General Electric Co. during the war and have variable segmental 
imputs for analyzing the Clo value of various flying clothing assemblies. The 
individual foot and hand manikins have proven to be very useful in studying the 
insulating value of gloves, mittens, boots, and socks in various experimental combi- 
nations. Each of our copper Clometers for hands and feet have thermocouples 
located over various areas so that uniformity of insulation can be evaluated from 
a knowledge of the heat input, from the local mean skin temperature, and from 
the air temperature and air movement of the environment. By this method it has 
been possible to make extremely reliable measurements of clothing insulation, not 
only for the body as a whole, but for the segmental areas individually. 

We do not recommend the use of the copper man and components as a complete 
substitute for a human in evaluating clothing, but as a first order approximation of 
the probable physiological effect, the manikins have proven very useful in preventing 
unnecessary and tedious human experimentation. It might be mentioned at this 
point that the overall insulation method is used by our laboratory only on the copper 
man, and is considered too unreliable and too tedious for human experimentation, 
as pointed out by Professor Yaglou. 

In Air Force clothing problems, the bellows action of clothing in reducing Clo 
value is not significant as it would be for the marching soldier, since flying per- 
sonnel are usually at rest during their occupation specialty. For this reason overall 
insulation values via the copper man are quite significant in critical human clothing 
experiments in aeromedicine. 


Professor Yaglou’s temperature gradient method is no doubt a very useful approach 
to the evaluation of local and overall insulation. The success of Professor Yaglou’s 
method lies in his ability to evaluate quantitatively the heat loss from the surface 
of the clothing by methods of known convection and radiation relations. His resultant 
accuracy would also imply reliable measurements of outer and inner surface tem- 
perature of the garments, and of air movement over the area under consideration. 
It is questionable whether the local evaluation of clothing insulation has any real 
significance without a proper overall evaluation for metabolic rate, rectal temperature, 
body cooling, or heat loss by evaporation. 

Professor Yaglou’s method is reminiscent of a Btu meter, developed by Prof. L. 
M. K. Boelter at the University of California before the war. This instrument 
consisted of a thin plastic plate wired with a pile arrangement of thermocouples 
terminating on each side of the plastic plate. From the observed temperature gradient 
and the known thermal conductivity of the plastic, it was possible to evaluate at 
any moment the heat transfer through the plate. Professor Boelter lent some of 
these Btu meters to the Aero Medical Laboratory early in the war and they proved 
to be very useful in measuring localized heat transmission through clothing. The 
difficulty with these plates was that they were impermeable to moisture and were 
rather large (4 in. square). Our work at the Aero Medical Laboratory with these 
plates was unpublished, but I believe Professor Boelter’s use of the Btu meters in 
evaluating heat loss through walls has been published. 


A. C. Gooptnes,11 Toronto, Ont., Canada, (Written): In the material presented 
in this paper, Professor Yaglou emphasizes the fact that different parts of the body 
require different amounts of insulation if the subject is to be uniformly protected 
against cold; and therefore rightly points out that one should be concerned with 
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methods of measurement of insulation over particular areas. Methods such as the 
heat loss method which study only the overall insulation consequently are of limited 
value. The following observations will be confined to the more flexible temperature 
gradient method which does not suffer from this particular limitation. 


The reliability of results by the temperature gradient method depends upon the 
accuracy with which temperatures at particular points can be measured, coupled 
with a knowledge of the thermal insulation of the air layer exterior to the clothing. 
Values of the latter show that the thickness of the layer of ideal still air varies 
widely with wind speed, the change being most rapid with change in wind speed 
in the low velocity range. At 35 fpm the air layer insulation is equivalent to 
approximately 0.80 Clo units falling to 0.50 Clo at 120 fpm (1.37 mph), and to 0.20 
at 1000 fpm (11.9 mph). Similar values for the thickness of the layer of ideal still 
air have been found at different wind speeds for the resistance offered by the external 
air to water vapor diffusion through clothing. To use a value for the insulating 
effect of an external air layer, the conditions of air movement or wind speed past 
the clothing must therefore be known with considerable precision. 


Accepting the accuracy of these values, however, a more serious difficulty arises 
in connection with the measurement of the necessary temperatures, in particular the 
measurement of temperature at the outer surface of the clothing under evaluation. 
The temperature required is that in the surface which marks the boundary between 
the fabric and the ex.ernal air, i.e., the plane of demarcation between where the 
insulating effect of the fabric ends and the insulating effect of the external air begins. 
This boundary is obviously ill-defined, particularly when wool or fabrics having 
a napped or loosely fibrous surface are under consideration. Lack of definition in 
the position at which the temperature is taken can, however, be very serious. 


For example, consider clothing equivalent to 2 Clo units under test in the air 
moving at 50 fpm. The thermal insulation of the external air layer would be equiva- 
lent to 0.70 Clo units. But 1 Clo unit is equivalent to 0.53 cm (approx. 0.21 in.) 
thickness of ideal still air, and the clothing can therefore be thought of as a layer 
of air 2 x 0.53==1.06 cm (0.417 in.) thick, and the insulation of the external air 
as equal to a layer of ideal still air 0.70 x 0.53 =0.37 cm (0.146) thick. The total 
insulation is therefore equivalent to 1.06 + 0.37 = 1.43 cm (0.563 or %@ in. of ideal 
still air). The calculation of the insulation by the temperature gradient method 
depends essentially upon multiplying an air insulation value by a factor which is 
a ratio of two temperature differences, and this latter can be represented by inverse 


1.06 
0.37 which is 2.9 


(approx.). If, however, the temperature were measured at a point which was 
equivalent to an error in surface level of 1 mm, then the foregoing ratio would 
become distorted due to a 1 mm error in the numerator and similar error in the 
opposite _—— Ry the denominator. In the case under consideration this would 


air thicknesses. This ratio in the present example is given by 


make the ratio 9% _ 29 (approx.). The multiplying factor is then in error by 


0.47 
2978 x 100=— 31 percent, and therefore the insulation value calculated for the 


clothing would also be in error to this extent. Similarly, for an error in surface 
level (at which the temperature was recorded) of 0.5 mm the percentage error in 
the result would be 17 percent. It is clear, therefore, that the accuracy of the 
result is highly dependent upon the accuracy with which the temperature value 
(obtained experimentally) records the temperature at the boundary between fabric 
surface and external air. The difficulties in defining this boundary and therefore 
in the placing of temperature measuring equipment in this boundary plane are obvious. 
Because also, it is temperature at a point on a line perpendicular to the clothing 
which is required, the use of thermocouples may be held open to criticism as well 
as methods of attaching and covering, for example, with adhesive tape. If the 
attaching of the thermocouples to the fabric surface gave rise to positioning slightly 
too far out from the true boundary (which is probable) an error of 10 to 30 per- 
cent, quoted by Professor Yaglou, as the difference in ratings obtained by the heat 
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loss and temperature gradient methods, the latter being the lower, might easily 
be expected. 

It would appear that, to obtain accurate and reliable results, a method is needed 
which is less direct than that outlined in the temperature gradient procedure. Such 
a method would obviate the necessity for accurate temperature measurement at a 
visually defined boundary. Somewhat similar problems have been encountered in 
connection with the measurement of the resistance of fabrics to the passage of water 
vapor where vapor pressures could not be measured directly at a fabric surface. 
The problem of measuiing the thermal insulation is considerably complicated by 
the desirability of measuring the value for clothing as worn on the body. Pro- 
fessor Yaglou in his paper points out the severe limitations and present unsatisfactory 
state of existing methods of measurement in connection with a very important practi- 
cal consideration. 


Dr. Mitton Harris,!2 Washington, D. C., (Written): The overall heat loss 
method includes loss from the face, if this is exposed; this should make the clothing 
insulation appear smaller than in reality. However, estimates by the overall method 
appear to exceed estimates by the temperature gradient method, so there must be other 
even greater differences between the methods. 

A technique in which the temperature over larger areas is automatically averaged 
by using a resistance thermometer (the wires of which form a grid over the area 
in question), might improve the precision of temperature measurements at clothing 
surfaces. Such a technique has been used by Prof. H. C. Bazett at the University 
of Pennsylvania. 

Since the temperature gradient method depends on knowing the gradient across 
one layer of known insulating value, it might be improved by using the insulating 
value of a fabric layer rather than that of the outer air layer as the reference standard. 
The insulating value of a fabric layer can be determined by hot plate methods, if 
attention is given to the resistance of air layers included in the measuring system. 
The accuracy would then depend on the measurement of surface temperatures on 
each side of this fabric layer. 

Since in clothing there might always be some air layers included with the fabric, 
it might be still better to make successive experiments using two different fabrics 
of similar structure but different thickness and insulating value, and use this difference 
of insulating value as the reference resistance. Another procedure would be to use 
the increment of insulation in a series with one, two, and three layers of fabric as 
the reference standard. This would require separate measurement, by the hot plate 
or cylinder method, of the successive layers; with care that the air space between 
fabrics was the same during these measurements as during the clothing experiments. 

A hopeful indication for the possibility of the use of fabric as a standard is the 
observation that differences in fabric insulating value of the order of 0.01 Clo can 
be recognized subjectively. 


L. H. Newsurcu, M.D., Ann Arbor, Mich., (WritteN): Professor Yaglou has 
restricted his presentation to the consideration of clothing as protection against cold. 
1 will remain strictly within the same field. 

It is a simple matter to determine the thermal resistance of textiles used in the 
construction of clothing. However, such information falls far short of giving a 
satisfactory answer to the question, how much and what kind of clothing will per- 
mit comfort under any given environmental circumstances? This is so for a num- 
ber of reasons: (1) the heat transfer is affected by the moisture content of the 
textile, (2) varying degrees of compression change the thermal resistance of the 
material, and (3) heat escapes through the various openings in the clothing and 
from the head, a part of which at least, is completely exposed. 

Many students have tried to answer the problem satisfactorily by measuring the 
loss of heat from a man wearing different amounts and types of clothing. While this 
procedure has given valuable information, it is far from successful because the main 
point to be settled is how to dress the individual so that he will be comfortable. 


12 Harris Research Laboratory. 
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The difference between what seems to be adequate from the purely physical point 
of view, and what may be required in order to satisfy the individual, is often great. 
This is primarily the case because heat is not lost uniformly from the body surface 
per unit area. The loss of heat may be far different over the extremities from that 
over the trunk. In order to lessen the total loss of heat, the blood may be very 
largely shut off from the integument of the extremities, especially the hands and feet. 
Consequently, their surface temperatures decline strikingly and approach that of 
the environment. On the other hand, the surface temperature over the trunk, 
under these same circumstances, falls only slightly, and hence there may be a large 
loss of heat from that region. When the temperature reaches a certain degree, the 
cooling of extremities is uncomfortable or painful and may be so painful as to 
incapacitate a part or the whole individual. Thus, while the loss of heat from the 
hands and feet may be almost negligible, and lessen greatly the total loss of heat 
from the organism, the result from the point of view of the whole man may be 
distinctly undesirable, or may even cause serious injury to the extremities. For 
these reasons, the second method, the one which measures the loss of heat from 
the whole organism under cold conditions, cannot decide whether the clothing is 
adequate. The colder the environment, the more is this the case. It has been 
shown that in the presence of very low air temperatures it is impossible to produce 
a glove that is capable of keeping the fingers warm enough to function. This is so 
because as the insulation of small cylinders increases, its effectiveness decreases very 
rapidly and eventually a place is reached at which further layers actually cause 
increasing rate of heat loss, so that while the trunk may be comfortable the hands 
can become completely functionless. This condition can be met in one of two 
ways: the hands can be enclosed in sufficiently thick mittens and so prevent excessive 
cooling, or electrically heated gloves can be worn. In the first case, the protection 
is so awkward that the hands become nearly functionless for finer movements. 


Professor Yaglou has presented a technique for measuring the heat loss across 
the clothing over various parts of the body, and has shown how it varies from place 
to place. It seems clear that such a technique must be employed since it is clearly 
necessary to consider many individual areas of the body in order to provide adequate 
insulation in a regional manner. 


H. B. Norrace, Cleveland, Ohio, (WrittEN): Since this paper is primarily a 
review of other published material, it is suggested that this be indicated by the sum- 
mary and title. Where did Tables 2, 3, and 4 come from? 

Can the comfort, which it is desired to attain, be defined in quantitative, physically- 
measurable terms? If psychological or physiological factors are involved, then is 
it not proper to use statistical terminology in reporting the results? This would 
avoid unsafe reliance upon exact numbers and introduce pertinent data on the standard 
deviation of the results, the statistically important features of the persons used as 
subjects, and the like. 

The invention of the Clo unit appears to be quite unnecessary if, as given in the 
paper, this unit is then merely redefined in terms of a fixed numerical heat transfer 
magnitude. At any rate, how can a unit be established to measure something which, 
as brought out in the paper, is itself not yet understood? Moreover, without going 
into details, it appears that the entire treament of heat transfer phenomena has not 
been adequately grasped by those who have contributed to the information presented. 

If this paper is representative of the state of knowledge concerning heat and 
moisture transfer and air filtration through clothing, then the reason becomes quite 
apparent as to why the author has reported that the whole field is wide open to new 
ideas and techniques. Investigators thus far, recognizedly in great need of some 
sort of information which would have an immediate utilitarian value, have attempted 
to lump everything together and to solve all problems in terms of some single factor. 
As the author himself implies, this is not the way to obtain reliable fundamental 
data of a permanent scientific value. Instead, it is high time that the entire, com- 
plicated, composite system, body-clothing-surroundings, should be broken down into 
constituent parts which are individually of a sufficiently limited scope to permit thoroug’ 
and profitable analysis, bit by bit. Then, once the characteristics of the complete 
system can he satisfactorily synthesized from those of its constituent parts, true 
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fundamental progress will have been made. Is there not a common meeting ground 
in this sort of thing where the research engineer can take his rightful place as part 
of a group who would really work towards the roots of the clothing problem? 


Sip Rosinson,13 Bloomington, Ind., (WrittEN): Professor Yaglou has made a 
definite contribution to the field in developing the temperature gradient method for 
evaluating insulation of clothing. Its greatest value is that it makes possible the 
determination of insulation of local areas of clothing. It should be helpful in design- 
ing cold weather clothing with ideally distributed insulation. In developing electri- 
cally heated clothing, this method should be helpful in determining the proper distri- 
bution of the heat supply in relation to insulation. In designing clothing for protection 
of men in extreme cold, however, the overall metabolic responses as well as the 
cutaneous circulatory responses must also be taken into account. [or instance, 
Bazett and Burton found during the war that locally heating the hands and feet 
of men wearing arctic clothing in a cold environment may cause a general vasodila- 
tion and a general loss of heat with lowered rectal temperature. Thus, although 
the hands and feet of men exposed to cold, cool more rapidly than other skin areas 
and are more apt to freeze, we must consider the whole organism in providing the 
best protection for them. 

I should like to ask a question concerning the effects of moisture in cold weather 
clothing. Professor Yaglou states that with subjects at work, cold weather clothing 
may lose much of its insulation due to wetting with perspiration. ... Is the loss of 
insulation, due to wetting, as important physiologically as the cooling effect of evapo- 
rating the moisture from the inner layers of clothing during the post-work period? 


Pau. A, Srpre,14 Ph.D., Washington, D. C., (Written): This whole subject 
was highly debated at the recent meetings in Canada and much new information is 
being collected continuously. Professor Yaglou’s paper is a scholarly statement of 
facts as they appear to him today, but undoubtedly will be revised by others in the 
not too distant future. Of the two systems of calculating insulation, the newer one 
that he presented which shows higher insulation values by 10 to 30 percent is partially 
explainable by the fact that his method does not consider heat loss, due to uncovered 
parts of the body, such as face and hands. The Clo method of determination takes 
the body as a whole and averages off the losses of exposed parts making the cloth- 
ing appear to be less valuable than it really is. The only technical criticism that I 
have is that Professor Yaglou forgot to point out this discrepancy. This discrepancy 
happens to amount to about the difference, and therefore in final analysis, the two 
methods would prove to check closely. 

A third method which Professor Yaglou may not be acquainted with (although 
I am quite certain I have discussed it with him) involves a simple method of measur- 
ing the increase of clothing thickness over parts of the body in which the insulation 
thickness of included dead air and clothing are given physical values. 1 have found 
that by this method I could estimate clothing insulation very close to the values 
determined by calorimetric methods, and at the same time, I could evaluate the 
clothing value at each layer and analyze the fit of the garments. In view of the 
fact that this method is dependent basically on factors previously determined by 
other methods and that it does not involve temperature measurements, it appears to 
be less scientific; though from a practical aspect, I have found it the most useful 
method to date. 


C.-E. A. Winstow, New Haven, Conn., (Written): There is no conflict between 
the heat loss method of estimating overall insulation of clothing developed from a 
suggestion by Gagge, Burton, and Bazett, and the temperature gradient method pre- 
sented by Professor Yaglou. 

In a numerical sense, insulation values determined by the two methods will be 
different due to the assumption that all nonevaporative heat loss passes through the 
clothing gradient in one case, and the computation of this transferred heat from 
gradients in the other case. 


23 Professor of Physiology, Indiana University. 
14 Bio-Geographer, Research and Development Division, Office of Chief of Staff, War Department. 
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Aside from this acknowledged systematic error in the heat loss method, the accuracy 
of either method as a measure of clothing insulation is seriously conditioned by the 
values assumed for air and radiation insulation at the outer surface. 

The two methods are logically complementary. The most desirable method would 
use the gradient technique for two purposes: (1) to determine the fraction of heat 
production which by-passes the series insulation of the clothing through exercise- 
induced bellows action, and (2) to analyze the local deficiencies in insulation in 
clothing assemblies. 

For quick estimation of comparative overall clothing insulation on heated mani- 
kins, the heat loss method is quite satisfactory and in reality is reduced to a single 
gradient method supplemented by direct information on heat input. When this heat 
input is corrected for parallel heat loss from unclothed areas using the same constants 
that the temperature gradient method must apply to the entire surface, the difference 
between the two techniques should not be significant. 

Professor Yaglou emphasizes in a constructive manner, the utility of local gradients 
for the analysis of local insulation, and the present need for a refinement of the Clo 
concept to take account of the previously neglected parallel heat losses. Studies requir- 
ing detailed information will, of necessity, utilize a combination of the two methods. 


L. E. Sreerey, Durham, N. H.: Certain shortcomings of the manufacturers of 
men’s clothing, from a comfort and health point of view, remind me of something 
which I read a long time ago to the effect that the most important item of clothing 
for the soldiers in the armies of Napoleon was a broad flannel belt wrapped around 
the middle of the body. It was believed that adequate protection of this part of 
the body would permit soldiers to be exposed to severe weather conditions without 
harm to their health. The thought was to protect the vital organs. 


AutHor’s Ciosure: It is a pleasure to see some interest aroused on this long 
neglected subject that is so intimately related to comfort. 

I agree with Mr. Nottage that the new Clo unit is of no great practical value, 
except perhaps to a layman. My own preference is to express insulation in terms 
of conventional thermal resistance units denoted by R in the paper. Conductance 
units are less versatile because they are not additive. Dr. Burton’s plea for using 
cgs units has much merit, but I fear that most members of the Society will disagree 
with him and me. 

Dr. Burton has pointed out an important omission in my definition of the Clo 
unit. The man concerned must be at rest by definition. 

To heating engineers there is nothing new in the temperature gradient method 
used in our work. The principle is the same as that long in use for measuring 
thermal resistance of building materials, and is subject to the same difficulties in 
measuring boundary surface temperatures. Excepting unlined piles, the magnitude 
of error is not so great as Dr. Goodings has calculated, because all thermocouple 
junctions are covered with a strip of adhesive tape securely sewed on to the fabric 
or liner. This is somewhat analogous to the engineering practice of imbedding 
themocouples flush with the surface of building materials. 

Using a suitable thermopile as a standard reference, the mean of 15 surface tem- 
perature readings over the outside of a garment is about 14% F lower by thermo- 
couples (34-gage wire) than by thermopile under our experimental conditions. 
Single themocouple readings may differ as much as 3 F from those of the thermo- 
pile, especially over curved surfaces, but the agreement becomes closer when two 
or more thermocouples are used. No correction is applied to the consistently lower 
thermocouple readings, by reference to the thermopile, on the. assumption that the 
latter sees deeper into the pores of fabrics. 

I also find it difficult to agree with Dr. Goodings in that the lower Clo ratings 
by the gradient method (10 percent to 30 percent lower than by the heat loss method) 
might be explained by the positioning of thermocouples slightly too far out from 
the true boundary surface. Such mislocation should result in higher, rather than 


3 
| 

t 


306 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


lower ratings. Dr. Goodings probably had in mind mislocation too far inward 
into the cloth, which is unlikely to occur with thermocouples mounted on the surface. 
On the other hand, it is well known that the heat loss method always underestimates 
the body heat debt in the cold, and this presumably might be one important factor 
in overrating by this method. 

I entirely agree with Drs. Goodings, Bazett, Burton, Gagge and Harris that no 
accurate results can be expected until a way is found to eliminate the factor of air 
insulation (surface film resistance) from heat balance equations. Dr. Harris’ pro- 
posal for using a fabric layer of known insulation value as a reference standard, 
instead of the insulation of air, seems to be a step in the right direction. 

Answering Dr. Robinson’s question, cooling by evaporation of perspiration is 
physiologically more important than loss of insulation by wetting in ordinary 
permeable clothes that are not too heavy for work in the cold. With heavy imper- 
meable clothes, on the other hand, the reverse may hold true, but the difference, in 
terms of body heat loss, does not appear to be very great. I am referring to our 
experience with heavy, coated shearlings which at —40 F retained more than 90 
percent of the moisture secreted from the skin. 

There seems to be some confusion in Dr. Siple’s explanation of rating differences 
by the two methods. It is the gradient method that gives the lower rating, and 
this method is independent of heat loss from any body area. Body heat merely 
serves in producing the natural gradients occurring in the clothing. 

I regret that, in the interest of brevity, I gave only a brief account of Dr. Siple’s 
thickness method. Below is the reference to his original report for those who are 
interested : 

Charts for Correlation of Climate, Clothing and Men, Climatology and Environ- 
mental Protection Section, Research and Development Branch, Military Planning 
Division, Office of the Quartermaster General of the Army, Washington, D. C., 
August, 1944, 
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COMPARISON OF PHYSIOLOGICAL ADJUSTMENTS 
OF HUMAN BEINGS DURING SUMMER 
AND WINTER 
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Curcaco, Itt. Maurice K. FAnNestock}}, UrBana, ILL. 
This paper is the result of research sponsored by the AMERICAN 


SOCIETY OF HEATING AND VENTILATING ENGINEERS in 
cooperation with the University of Illinois, College of Medicine 


INTRODUCTION 


 hggmenage of the rapidity and magnitude of physiological adjustments made 


by the body on exposure to sudden changes in environmental temperature 
and humidity during the summer months of 1946 have been reported!. These 
studies were extended to the winter months of 1946-47. 

The purpose of the present paper was to determine whether the adjustments 
of these subjects differed in the winter from those reported for the summer. 
If differences occurred not attributable to experimental conditions, they would 
represent seasonai alterations in the subject’s response. 

The entire problem of seasonal adaptation has been under study by many 
investigators over a long period of time. However, many of the changes 
observed are not relative to this study. It has been stated that certain seasonal 
adjustments occur. MacLean and Partridge? have reported higher skin tem- 
peratures in the summer than in the winter under equilibrium conditions and 
a greater increase in skin temperature in the winter than in the summer when 
the room temperature was elevated during the test. Winslow’ et al have reported 
that the sweat secreting mechanism appears to be in more effective working 
order during the summer than during the winter although mean skin and 
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rectal temperatures were not different under equilibrium conditions. Houghten* 
et al reported a greater increase in rectal temperature in the winter than in the 
summer for men engaged in light work at comparable Effective Temperatures. 
Subjects 


Four healthy male medical students, ranging in age from 19 to 23 years were 
subjects for the experiments. These included three of the five subjects pre- 
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Fic. 1. SuBJECT WEARING THERMO- 
COUPLE UNION SUIT AND SEATED IN A 
TROEMNER BALANCE. 


viously studied in the summer of 1946 and an additional subject who was studied 
during the winter of 1946-47 and the summer of 1947. Their physical measure- 
ments are presented in Table 1. 
Procedure, Experimental Conditions and Observations 

The procedure and experimental conditions were the same for the summer 
and winter studies and have been described in detail in the previous paper?. 


TasBLe 1. DescRIPTION OF THE EXPERIMENTAL SUBJECTS 


| 
Sunyect | | Sort 
\ 2314 5 11% 138 19.5 
M... 2214 | 6 2% | 150 21.0 
20 815 134 18.6 
22 5 9 133 18.8 
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After the subject had remained seated in the outer office for about 20 min he 
entered the comfortable room (designated comfortable room 1), immediately 
reported his comfort vote and began disrobing. He was weighed on a Troemner 
balance in the nude wearing only wooden sandals of known weight and then 
dressed in the thermocouple union suit (90 percent cotton, 10 percent wool). 
He resumed his seat on the balance, Fig. 1, and remained sitting quietly until 
one hour had elapsed from the time of entrance into the comfortable room, 
He then walked into the hot room and sat quietly in a second Troemner balance 
for one hour after which he returned to the comfortable room (designated com- 
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Fic. 2. AvERAGE MAXIMUM, MINI- 

MUM AND MEAN MONTHLY OUTSIDE 

TEPERATURES FOR THE SUMMER OF 1946 

AND THE WINTER OF 1946-47 For CuHI- 

CAGO AS REPORTED BY THE WEATHER 
BUREAU 


fortable room 2) and sat quietly in the first balance for one hour. Experiments 
were obtained with each subject at three different relative humidities in the 
comfortable room, both in the summer and in the winter. 

The comfortable room was maintained at a constant dry bulb temperature 
of 76 F+0.5 deg with water vapor pressures of 0.133, 0.267 and 0.355 psi 
corresponding to relative humidities of 30, 60 and 80 percent (Effective Tem- 
peratures of 68.8, 71.5 and 73.4, respectively). The hot room, immediately 
adjoining the comfortable room, was maintained at a dry bulb temperature of 
98.5 F + 1.0 deg with water vapor pressure of 0.599 + 0.036 psi correspond- 
ing to a relative humidity of 66+4 percent (90.2 ET). 

Globe thermometer readings in the comfortable room were the same in the 
summer and in the winter. Globe thermometer readings in the hot room aver- 
aged 98.0 F and 96.8 F in the summer and in the winter, respectively. This 
difference was to be expected since the one outside wall had five double pane 
windows. 
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The average, maximum, minimum, and mean monthly outside temperatures 
for Chicago as reported by the Weather Bureau of the United States Depart- 
ment of Commerce are presented in Fig. 2. These values are for the summer 
of 1946 and the winter of 1946-47. 

Observations included skin and rectal temperatures, evaporative weight loss, 
time of onset of perspiration, pulse rate, and subjective sensation of warmth 
or coolness. 
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Fic 3. AVERAGES FOR RECTAL AND MEAN SKIN TEMPERATURE AND COMFORT 
VOTE DURING SUMMER AND WINTER IN COMFORTABLE ROOM 1, HOT ROOM, AND 
COMFORTABLE ROOM 2 


Statistical Analysis of the Data 


The data were treated by setting up paired comparisons for each subject 
for summer and winter; i.e., the values at the same ambient conditions were 
compared. The paired differences at water vapor pressures of 0.133, 0.267 and 
0.355 psi were then combined regardless of vapor pressure. Student’s5-© method 
and tables designated for determining the significance of the mean of a small 
series of paired differences were used. Differences were considered significant 
when the probability (P) was less than 0.030. 
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RESULTS 


A comparison of the mean values for summer and winter under comfortable 
conditions with the subjects in equilibrium with the environment (comfort- 
able room 1) are shown in Figs. 3 and 5 and revealed the following: the final 
values for the mean skin temperature (MT,) averaged 92.8 F in the summer 
and 92.9 F in the winter (Fig. 3); the final rectal temperature (T,) averaged 
98.14 F in the summer and 97.88 F in the winter (Fig. 3); the final pulse 
rate averaged 81.8 and 79.5 beats per minute in the summer and winter, 
respectively (Fig. 5); the mean rate of evaporative weight loss averaged 0.83 
and 0.79 grams per minute in the summer and winter, respectively (Fig. 5) ; 
and the comfort vote averaged 4.1 and 4.4 in the summer and winter, respectively 
(Fig. 3). All of these differences are small and are not statistically significant. 


The comfort vote on entrance into comfortable room 1 averaged 4.0 and 4.3 
in the summer and winter respectively. This difference, though small, is sta- 
tistically significant (P — 0.014). It must be remembered that the subjects had 
been sitting in an outer office for about 20 min and this vote was obtained 
immediately on entrance into comfortable room 1 with the subjects normally 
clothed. 

This difference between summer and winter in the subjective sensation of 
warmth on entrance into the comfortable room has several possible explanations. 
It might be expected that subjects would respond with slightly higher comfort 
votes in the winter than in the summer for the same Effective Temperature 
(ET) since it has been stated that the summer comfort zone is higher than the 
winter comfort zone?. On the other hand, the office in which these subjects 
were seated prior to entering the comfortable room was certainly at a higher 
temperature in the summer than in the winter. Thus, in the summer the sub- 
jects would enter the comfortable room from a higher ambient temperature; 
whereas, in the winter the difference would be slight and in the opposite direc- 
tion. In addition, the outer clothing of the subjects may have been slightly 
heavier in the winter. These factors cannot be ignored and, unless they are care- 
fully controlled, interpretation of such differences are conjectural. Nevertheless, 
such uncontrolled conditions do exist normally and probably account for many 
of the differences in observed subjective sensations. 


Mean Skin Temperature 


The rapidity and magnitude of the increase in mean skin temperature on 
entering the hot room was strikingly similar for both summer and winter experi- 
ments (Fig. 3). The maximum difference between the means did not exceed 
0.4 F deg during the hour. Thus, cutaneous vasodilatation occurs as rapidly and 
as completely in the winter as in the summer on exposure to this high environ- 
mental temperature. In comfortable room 2, after the hot room exposure, the 
change in mean skin temperature showed a distinctly different trend between 
summer and winter values. No statistically significant differences in the 
decrease in mean skin temperature appeared until 10 min after entering com- 
fortable room 2. At 10 min the decrease averaged 5.8 F deg in the summer and 
5.3 F deg in the winter. This difference of 0.5 F deg was significant 
(P 0.013). At 20 min the difference was 0.8 F deg (P 0.022) and was 
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2.0 F deg (P — 0.004) at the end of the hour. Thus, the difference became 
progressively greater during the hour. 

The difference in mean skin temperature response between summer and 
winter is not to be construed as evidence of seasonal adaptation. As will be 
discussed later, the subjects perspired more in the hot room in the summer than 
in the winter, and it is this greater amount of moisture present in the union 
suit in summer which is the dominant factor in causing the observed differences 
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in mean skin temperature. It is probable that had the period of exposure been 
prolonged beyond one hour the differences would have become less and less 
until no difference existed some time after the excess moisture in the union suits 
had been evaporated. 

In two of the 12 paired comparisons the mean skin temperature decreased 
more in the winter than in the summer, and in these two experiments it was 
noted that the subjects entered comfortable room 2 with more moisture present 
in the union suit in the winter. 

Therefore, the effect of the amount of moisture present in the union suit, on 
entrance into comfortable room 2, on the mean skin temperature was assessed 
further. The experiments were divided into two groups regardless of season, 
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i.c., Group I, in which the moisture exceeded 200 gms (average 244 gms) and 
Group II, in which it was less than 160 gms (average 123 gms). It can be seen 
(Fig. 4) that the mean skin temperature continues to decline during the first 
50 min in Group I, whereas it has become practically stabilized after the first 
20 min in Group II. This does not prove conclusively that seasonal adaptation 
is not present, but does show that the amount vf moisture in the union suit 
is most important in affecting the mean skin temperature under these experi- 
mental conditions. 


Rectal Temperature 


The statistically significant decrease in rectal temperature reported in the 
summer series! which occurred within 10 min of entering the hot room was 
also observed during the winter series (Fig. 3). There was no significant 
difference in the magnitude of this decrease between the summer and winter 
values. 

The final rectal temperature in the hot room (Fig. 3) averaged 98.71 F in 
the summer and 98.63 F in the winter. However, the increase in rectal tem- 
perature from the final comfortable room 1 value to the final hot room value 
averaged 0.57 F deg and 0.75 F deg in the summer and winter, respectively. 
This difference of 0.18 F deg, though small, was statistically significant 
(P 0.010). 

There were no differences between the summer and winter values in the 
changes in rectal temperature which occurred in comfortable room 2 (Fig 3). 
The increase which occurred within the first 10 min was the same for both the 
summer and winter series. Also, the decrease which occurred during the final 
40 to 50 min was strikingly similar. 


Perspiration and Evaporation 


The time of appearance of visible perspiration in the hot room in the winter 
varied from one subject to another and in the same subject from one experi- 
ment to another, just as it did in the summer!. The average time was 10.8 and 
11.9 min in the summer and winter, respectively (Fig. 3). This difference 
was not significant. 

The amount of perspiration which occurred in the hot room could not be 
measured directly since the subjects did not evaporate the perspiration as rapidly 
as it appeared. 

Perspiration (P) in the hot room was estimated as the difference between 
the total weight loss (V7) and the average normal weight loss (Wy ). That is 


P = Wr Wy 
where 


W; = difference between initial and final nude weights in comfortable rooms 
1 and 2 respectively. 


Wy = (t1 + te) 
tw 


= 
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and 


7, = fate of weight loss in comfortable room 1 after equilibrium was established. 
w 


t, = time from initial nude to final weight in comfortable room 1. 
tz = time from entrance to final nude weight in comfortable room 2. 


A comparison of the summer and winter values revealed that in nine of the 
twelve paired comparisons the subjects perspired more in the hot room in the 
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summer than in the winter. In the summer, perspiration averaged 303.0 gms, 
and in the winter averaged 188.3 gms (P 0.022). This difference of over 
115 gms is reduced to only 63 gms if the data obtained from one experiment 
is omitted. In this experiment in the summer the subject perspired about three 
times as much as in any of his other experiments. The difference of 63 gms 
(266 gms in summer and 203 gms in winter) is still statistically significant 
(P = 0.022). 

Even though the subjects perspired more in the hot room in the summer 
than in the winter, the average evaporation was about the same (90.1 and 81.7 
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gms in the summer and winter, respectively). On entering the hot room, how- 
ever, an average of 15.8 gms more (P = 0.013) moisture was absorbed by the 
union suits in the winter than in the summer. This reduced the difference in 
moisture available for evaporation between summer and winter during the hot 
room exposure and probably accounts for the absence of a significant differ- 
ence in the average evaporation in the hot room. The authors are unable to 
offer a satisfactory explanation for the difference in moisture absorbed in the 
hot room at this time. It is possible that a change in texture of the union 
suits occurred after the extensive use of the preceeding summer. 

The approximate amount of moisture in the union suit and on the skin on 
entrance into comfortable room 2 (after the hot room exposure) averaged 251 
gms in the summer and 162 gms in the winter. In three of the 12 paired com- 
parisons it was greater in the winter. The difference of 89 gms was reduced to 
44 gms by omitting the experiment in which the subject perspired profusely. 
The differences, however, were not statistically significant. 

The average amount of moisture evaporated in comfortable room 2 was 172 
and 163 gms in the summer and winter, respectively. The difference was not 
significant. However, in eight of the 12 paired comparisons a greater amount 
was evaporated in the summer. In three of the other four paired comparisons, 
in which the subjects evaporated more in the winter, it was noted that the 
union suits on entrance contained a greater amount of moisture in the winter. 
Therefore, the data were subjected to further analysis. The amount of mois- 
ture in the union suit on entrance definitely affected the total evaporation 
(r = + 0.81) in comfortable room 2 regardless of season and variables influ- 
encing evaporation. In a manuscript now in preparation for publication the 
authors have demonstrated that evaporation under dynamic conditions (com- 
fortable room 2) is proportional directly to the gradient of water vapor pres- 
sure from the skin to the ambient environment, the amount of moisture avail- 
able for evaporation, the calculated surface area and time, and inversely to the 
total pressure. 

The residual moisture in the union suit* at the termination of the experi- 
ment (comfortable room 2) average 40.3 gms more (P 0.013) in the summer 
than in the winter. As would be expected in the three experiments in which 
the subjects perspired more than in the winter and had a greater amount of 
moisture in the union suit and on the skin on entrance into comfortable room 
2, there was also a greater amount of moisture in the union suit at the termina- 
tion of the experiment. 


Pulse Rate 


The pulse rates responded similarly in the summer and winter when the 
subjects were in the hot room and comfortable room 2 (Fig. 5). No real dif- 
ferences between summer and winter values occurred at any time during the 
experiment. 


Comfort Vote 


The subjective sensation of warmth on entering the het room was about the 
same in summer and winter (Fig. 3). However, five minutes after entering the 


* Obtained by taking the difference between the initial and final weight of the union suit. 
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hot room the comfort vote was higher (P 0.028) in the winter than in the 
summer and continued to remain higher ‘P = 0.029) for the next five minutes 
only. In other words, after the initial response, the degree of warmth experi- 
enced in the winter was greater for about 10 min. After 10 min there were 
no differences in sensations of warmth between summer and winter. 

The comfort vote on entering comfortable room 2 (Fig. 3) indicates that the 
subjects felt distinctly (P — 0.017) cooler in the summer than in the winter, 
an average of 1.6 and 2.3 respectively. Following this initial response the com- 
fort votes were not significantly different in the summer and winter, even though 
the mean skin temperature was distinctly lower in the summer. In this con- 
nection, as mentioned in the previous paper! the mean skin temperature at the 
time of comfort votes of “4”-ranged from 87.6 to 92.3 F deg in comfortable 
room 2. 

The decrease in mean skin temperature, as previously mentioned and as 
shown in Fig. 3, was not significantly different within the first ten minutes for 
summer and winter, and there was no difference in the amount of moisture 
evaporated (Fig. 5). This supports the evidence that the significant differ- 
ence in entrance comfort vote was due to seasonal adjustment. The subjects 
were accustomed to large temperature contrasts in the winter. 

An analogous situation which is a common experience is illustrated by the 
following: On going outdoors in the winter one notices the cold more when 
the weather suddenly changes to 30 F following a period of mild weather, e.g., 
50 F than following a period of cold weather, e.g., 10 F. Similarly, in the sum- 
mer one feels warmer at 85 F following a period when the temperature remains 
about 70 F than following a period of hot weather, e.g., 100 F. 


DISCUSSION 


In comfortable conditions with the subjects in equilibrium with the environ- 
ment no evidence of seasonal differences was obtained. This is in accord with 
the findings of Winslow, Herrington and Gagge*. They reported no seasonal 
differences for either nude or clothed subjects in rectal and mean skin tempera- 
tures and metabolism. Yaglou and Messer’ reported no seasonal differences in 
the range of skin temperature associated with comfort. On the other hand, 
MacLean and Partridge? reported higher final skin temperatures (three areas 
on the body) in the summer than in the winter on two subjects and interpreted 
this as a seasonal difference. Fortunately, they included a table giving air and 
wall temperatures in the summer and winter. An examination of this table 
revealed that for the experiments at an air temperature of 75 F (71 ET) the 
wall temperature was 78 F in the summer and 73 F in the winter; for the 
experiments at an air temperature of 70 F (67 ET) the wall temperature was 
75 F and 70 F in the summer and winter, respectively. Thus, for the experiments 
at both 75 and 70 F the wall temperatures were 5 F deg higher in the summer 
than in the winter. This discrepancy accounts, in part, for the observed dif- 
ferences in skin temperature. 

In the present study when the subjects entered the hot room mean skin tem- 
peratures increased as rapidly in the winter as in the summer and the values 
at the end of the hour were the same. Again, the data presented do not agree 
with the findings of MacLean and Partridge®. They reported that the skin 
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temperature increased more in the winter than in the summer after two hours 
in a hot environment (97 ET) which was preceeded by one and one half hours 
at either 67 or 71 ET. The wall temperatures were allowed to change nor- 
mally as the air temperature of the room was elevated. An examination of 
Table 3 in their paper showed that the temperatures of the skin averaged 5.6 
to 8.6 F deg lower in the winter than in the summer in the room at low Effec- 
tive Temperature and averaged only 1.3 to 2.5 F deg lower in the winter in 
the room at high Effective Temperature. It appears that the greater increase 
observed in the winter occurred because of the much lower skin temperatures 
at the low Effective Temperature. This should not be considered as evidence of 
seasonal adaptation to overheating. 

Teleologically, if definite seasonal adaptation were present, one might expect 
the mean skin temperature to decrease more rapidly on entering a cool or cold 
environment in the winter. This would be a protective action to decrease the 
heat loss from the body. Similarly, the mean skin temperature might be 
expected to increase more rapidly on entering a hot environment in the sum- 
mer. This was not observed under the experimental conditions imposed. In 
the United States a large percentage of the people probably never attain a 
detectable physiological adaptation to winter corditions because very few hours 
of each day are spent outdoors and even then the individuals are warmly clothed. 
Evidence of seasonal adaptation might be expected in individuals who perform 
their daily tasks out-of-doors. It has been shown® that the rectal temperature 
decreases less during an 8 hour exposure to a cool environment (60 F) when 
preceded by several weeks of daily 8 hour exposures (5 days per week) to 
intense cold (—20 F). This adaptation to cold is largely dissipated in 17 days. 
Thus, in order to detect this sign of adaptation to cold it was necessary to 
observe the subjects in an environment which produced less of a thermal stress 
than the one which induced the adaptation. 

The findings of Houghten, Rosenberg and Ferderber* showing a greater 
increase in rectal temperature in the winter than in the summer on exposure 
to the same ambient environment have been confirmed. MacLean and Partridge?, 
on the other hand, reported no difference in increase of oral temperature 
between summer and winter. The four subjects in Houghten’s study were 
engaged in light work and were exposed to the hot conditions for three hours. 
At an Effective Temperature of 90.0 deg the average increase was about 0.4 F 
deg greater in the winter for Houghten’s subjects as compared with 0.18 F deg 
for the subjects in the present study. 

In the study by MacLean and Partridge? no seasonal differences in pulse 
rate were observed after a two hour exposure to the hot environment. The 
greater increase in pulse rate in the winter reported by Houghten‘* et al should 
not be explained as seasonal adaptation. It merely reflects the higher rectal 
temperatures observed in the winter. The rectal temperature differences 
observed in the present study were too small to affect the pulse rate. 

The subjects perspired more in the hot room in summer than in winter. This 
was also observed by Winslow, Herrington and Gagge*® who reported that the 
sweat secreting mechanism appears to be in more effective working order dur- 
ing the summer than during the winter. Kuno!® also reported similar findings. 
The time of appearance of visible perspiration is about the same in summer 
and winter. Adolph?! reported no difference in the time of onset of sweating 
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in two subjects during successive exposures that induced acclimatization to 
heat. 


SUMMARY AND CONCLUSIONS 


Four healthy male medical students, clothed in 90 percent cotton union suits 
and wooden sandals, were subjects for three experiments each in the summer 
and three experiments each in the winter. The subjects remained in a com- 
fortable room for a control period of one hour. The dry bulb temperature was 
maintained at 76 F for all experiments. The relative humidity was maintained 
at 30, 60 and 80 percent corresponding to water vapor pressure of 0.133, 0.267, 
and 0.355 psi respectively. The subjects then entered and remained in the hot 
room (98.5 F deg dry bulb, 66 percent RH) for one hour and then returned to 
the comfortable room for one hour. Thus, each subject was exposed to three 
different ambient environments in the comfortable room both in the summer 
and in the winter. The subjects remained seated in a Troemner balance in 
both rooms. Observations on rectal and skin temperatures, evaporative weight 
loss, pulse rate and comfort vote were obtained. 

The data justify the following conclusions: 


1. After one hour in the comfortable room (before the hot room exposure) no 
significant differences were observed between the summer and winter values at 
comparable relative humidities for final mean skin and rectal temperature, average 
rate of evaporative weight loss, pulse rate and comfort vote. 

2. The comfort vote on entering the comfortable room from an uncontrolled 
environment was slightly, but definitely, higher in the winter than in the summer. 
This is not interpreted as evidence of seasonal adaptation. 

3. In the hot room there were no significant differences observed between the 
summer and winter values for the increase in mean skin temperature, either at 10 
min or after one hour, for the decrease in rectal temperature within the first 10 
min, for the increase inpulse rate either initially or after one hour, and for the 
entrance comfort vote. After the entrance comfort vote, the degree of warmth 
experienced was slightly greater in the winter than in the summer only from 
five to 10 min. 

4. The rectal temperature increased slightly, but significantly, more in the winter 
than in the summer after one hour in the hot room. 

5. The subjects perspired significantly more in the summer than in the winter 
during the one hour exposure in the hot room. The time of appearance of visible 
perspiration was not significantly different. 

6. In the comfortable room 2 (after the one hour hot room exposure) the mean 
skin temperature decreased significantly more in the summer than in the winter. This 
difference was not primarily due to seasonal adaptation but was related to the amount 
of moisture present in the union suit. 

7. In comfortable room 2 there were no significant differences observed between 
summer and winter values for the maximal increase in rectal temperature within 
the first 10 min, for the decrease in rectal temperature during the hour, and for 
the decrease in pulse rate during the hour. 

8. The average amount of moisture evaporated in comfortable room 2 was 
shown to be definitely affected by the initial amount of moisture present in the 
union suit regardless of season. 

9. The comfort vote on entering comfortable room 2 was definitely lower 
(cooler) in the summer than in the winter. Following the initial response, the 
comfort votes were not significantly different. 


The alterations in the physiological adjustments were slight and gave little 
evidence that seasonal adaptations were important in determining the subject’s 
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responses. They were noted chiefly after the exposure to a hot environment in 
the winter and consisted of a transient but greater sensation of warmth, a larger 
rise in rectal temperature, and a smaller production of perspiration. 
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DISCUSSION 


Dr. THomas Beprorp, D.Sc., Ph.D., London, England (Written): I am glad 
to have had an opportunity of seeing this interesting paper. The experiments on 
which it is based are not numerous, but the results have been subjected to careful 
statistical examination and there seems to be no doubt about the conclusions. I 
have been somewhat surprised that little or no evidence of seasonal adaptation was 
found, for I think it likely that with British subjects some such adaptation would 
have been noticed. Certainly, observations on working subjects in Great Britain 
have shown seasonal differences. Thus, Vernon and Warner (Journal Hygiene, 
Camb., Vol. 32, p. 431, 1932) found that subjects performing the same tasks at the 
same effective temperature had higher pulse-rates in winter than in summer. 


Lester T. Avery, Cleveland, Ohio: It is interesting that we should have labora- 
tory proof of physiological responses which those of us engaged in air conditioning 
have observed in the field. That is—that there is no particular reason for varying 
the inside condition depending on the outside weather, and the normal individual 
seems to prefer a constant, uniform, healthful condition. 

During the war, we furnished a number of air conditioning systems which were 
used for process work where the product required uniform condition at 76 deg—35 
percent RH, practically 70 deg ET. Rooms were to be occupied by both men and 


320 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


women workers on a three shift basis, a total of over 2,000 people. Management 
was concerned that there would be criticism of shock in the summer time on the 
part of the workers who went directly into the hot factory. 

There was no criticism of shock, there was no complaint, there was no health 
hazard. The condition was considered very satisfactory both for men and women. 
From this installation we came to the conclusion that good air conditioning could 
include constant year around temperature andghumidity control as long as it stayed 
within the range of 69-71 deg ET. Further confirmation of the conclusion is given 
by observations of installations for accounting offices, drafting room, and telephone 
toll rooms where large numbers of girls are employed. If the engineer eliminates 
bad effects of excessive air motion, called draft. or other effects of radiant heating 
or cooling due to cold walls, glass block, or windows, the air conditioning system 
can carry on regardless of the season, time of day, or reference to outside weather. 

We are indeed indebted to Dr. Glickman and his associates for giving us medical 
and laboratory corroboration on this subject and we should use this reference as 
further background for the statement that there are no ill effects which come from 
alleged shock with summer air conditioning with which we are all familiar in the 
winter when we go from an over-heated office into a blizzard! 
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No. 1343 


GROUND TEMPERATURE DISTRIBUTION WITH 
A FLOOR PANEL HEATING SYSTEM 


By A. B. ALGREN*, MINNEAPOLIS, MINN. 


LTHOUGH many articles have been published describing floor panel heat- 
ing systems, there appears to be a lack of factual data which would be 
of assistance to the design engineer. 

This paper describes the construction and test equipment of a basementless 
research residence heated by a warm air floor panel heating system and located 
at Edina, Minn. There were 98 thermocouples installed at various locations 
within the residence, in the ground beneath the concrete floor slab, and in the 
ground at distances of approximately 60 and 1200 ft from the residence. 

The entire research project has been coordinated with the Panel Research 
Program of the AMERICAN Society OF HEATING AND VENTILATING 
ENGINEERS and will provide test data and results on ground temperature distri- 
bution, heat losses to the ground, heat losses through concrete footing walls, 
heat losses around the perimeter of the concrete slab, inside air temperature 
distribution, temperature distribution across the surface of the panel, and 
methods of control for floor panel heating systems. 

The test program is to cover approximately a two-year period. During this 
time test data will be reported showing results for approximately one year of 
normal occupancy and for a nine-month period during which time the residence 
will be unoccupied but maintained at an inside air temperature of 70 F through- 
out the time that heat would be required. 


RESIDENCE CONSTRUCTION 


The research residence is of the flat roof type, has no basement, and is heated 
by means of a floor panel forced warm air heating system. The wall construc- 
tion consists of two 4-in. dry-tamped concrete walls enclosing a 2% in. space 


* Associate Professor and Head of the Division of Heating, Ventilating and Air Conditioning, 
Mechanical Engineering Department, University of Minnesota. Member of A.S.H.V.E. 
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filled with insulation. Inside finish consists of a vapor resistant membrane 
and plaster bond applied directly to the inside concrete surface, and covered 
with gypsum plaster. The exterior finish consists of a pneumatically applied 
flash coat of white sand and cement. The footing walls extend below the 
frost line. 

The roof and ceiling are of standard wood frame construction with 2 in. 
by 6 in. joists spaced 16 in. on centers, with 4 in. of insulation between the 
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joists. A vapor resistant membrane was applied to the warm side of the joists, 
with plaster base and plaster for the inside finish. 

The floor construction consists of a vapor resistant membrane laid directly 
on the ground under a 9 in. washed gravel fill and flashed up the sides of the 
footing walls to approximately the finished floor level. A 4 in. concrete slab 
was poured over the gravel fill, and an air space varying from 4 to 6 in. in 
depth was provided by use of concrete curbing and columns for supporting a 
2 in. thick reinforced concrete floor slab. An asphalt treated insulating board, 
1 in. thick and 12 in. deep, was placed between the footing walls and the edge 
of the floor slab. The air space formed by two concrete slabs provides a duct 
system for circulating warm air. The proper air circulation and distribution 
for supplying heat to the floor panel has been provided by the engineered loca- 
tion of the concrete curbs under the finished floor. Supplemental heat and 
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ventilation can be supplied to each room from the warm air plenum chamber 
under the finished floor through risers and high side wall registers. 

Inasmuch as the research project includes a study of different control methods, 
the required wiring details were taken care of during construction. The con- 
trol system now being used is operated by outdoor and indoor temperature and 
regulates both the room air temperature and the warm air heating medium. 
Other methods to be studied include the conventional thermostatic control and 
the electronic control systems. 
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The heating plant consists of a gas fired, forced warm air furnace with top 
outlet and bottom return. Propane is used for fuel. 

Fig. 1 shows the east and west elevations of the research residence. Both 
the south and west exposures of the living room contain large picture windows, 
the total glass area for the living room being 69 percent of the floor area. This 
design provides a means for studying the effect of solar radiation for both 
winter and summer operation. The high ribbon type windows as shown by 
the east elevation are continuous and carried around to a section of the south 
exposure. The total glass area for the residence is approximately 38 percent 
of the total floor area. As this percentage of glass area is seldom exceeded, 
the results obtained from this study should be of some assistance to the design 
engineer in providing information on the effect of large glass areas in resi- 
dences employing floor panel heating. Insulating glass throughout the resi- 
dence consists of double panes enclosing a % in. hermetically sealed space con- 
taining dehydrated air. 

The floor plan for the residence is shown in Fig. 2 which also indicates the 
location of: static pressure openings in the floor used for measuring the static 
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pressure drop through the system and also through two of the room circuits; 
the thermocouple locations for measuring room air temperatures, air tempera- 
tures adjacent to the thermostat, and register outlet air temperature. Room air 
temperatures are read at points 3 in. above the floor, at the 5 ft level, and at 
3 in. below the ceiling. The floor plan also shows the location of risers and 
registers used for supplying supplemental heat and ventilation to the various 
rooms. A single baseboard return as shown in the plan provides a means for 
returning room air to the furnace. 

Fig. 3 shows the plan view of the air distribution system, together with a 
sectional view of the wall and floor construction. 


CENTER OF LIVING ROOM Xn-60 FEET WEST OF HOUSE 
roe Xe-1200 FEET SOUTHEAST OF HOUSE 


MOTE 
THERMOCOUPLES AT INTERVALS 
OF FOOT TO 10 FOOT 
DEPTH, THEN 2 FOOT INTERVALS 
TO & FOOT DEPTH 


Fic. 6. THERMOCOUPLE LOCATIONS, SERIES A, X 


Warm Arr DISTRIBUTION IN FLooR PANEL 


As the residence was designed primarily for the purpose of obtaining the 
public’s reaction to functionalism in present home construction, it was decided 
to employ a forced warm air floor panel heating system and incorporate, in 
the design, methods of supplying both supplemental heat and ventilation by 
the use of a single system. 

The location of the 4 in. concrete curbing previously mentioned is shown in 
the plan view of Fig. 3. It serves the dual purpose of giving directional flow 
to the heated air and, in conjunction with the 8 in. diameter concrete columns, 
assists in supporting the finished concrete floor. 

Mass type dampers in the return circuit from each room provide means for 
volume control. Outside air for ventilation is supplied through the fresh air 
intake as shown in the figure. The locations of the ground series thermo- 
couples are indicated by the letters A, B, C, D, E, F, and G in Fig. 3. 

Results of tests on the supply and return air circuits, shown in Fig. 3, have 
provided data for simplifying the design and thereby reducing the static pres- 
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sure loss for the system. The present design eliminates all dampers with the 
exception of the supply and return dampers at the furnace. 


THERMOCOUPLE LOCATION 


Figs. 4, 5, and 6 show the thermocouples located within and below the panel, 
together with ground thermocouples situated 60 ft west and 1200 ft southeast 
of the residence. The temperatures recorded by the outside ground thermo- 
couples are used as datum points in making an analysis of heat gain to the 
ground underneath the floor panel. 


Fig. 4 shows a sectional construction detail of floor panel and footing wall, 
together with thermocouple locations for the south living room exposure. A 
solid concrete footing wall was used only for the south living room wall. All 
other footing walls were of the double wall construction with 2% in. of insula- 
tion, as shown in Fig. 5. Insulated and uninsulated footing walls were used 
in order to determine not only the effect of insulating the footing wall but also 
its practicability from a construction viewpoint. 

Fig. 6 shows the location of thermocouples in the center of the living room 
and also the two series of thermocouples located in the ground away from the 
residence. The thermocouples under the residence were carried to a depth 
of 6 ft and the ground datum thermocouples to a depth of 16 ft. 

All of the thermocouples are 24 gage, copper-constantan wire and have been 
protected from ground moisture by encasing each thermocouple in a thin wall 
rubber tubing sealed at the end. 


Test RESULTS 


When the project was begun, plans were made for completing the residence 
by December 1, 1946. Due to material and labor shortages, the residence was 
not completed until February, 1947. Because of the delay in completing the 
residence, it was decided to take weekly readings of all the thermocouples for 
the balance of the heating season and to make a continuous record of the most 
important temperatures during the following heating season. From a study 
of the test data it was possible to select the residence and floor panel tempera- 
ture locations which showed the quickest response to any variation in operat- 
ing conditions. Automatic recorders have been installed for furnishing a con- 
tinuous record of these temperatures for tests following those reported in this 
paper. All other temperature readings, together with a complete traverse of 
floor surface temperatures will be read weekly for subsequent tests. A report 
covering these test data will be published at the conclusion of the present 
heating season. 

Fig. 7 presents ground temperatures for January 3, 1947, before the finished 
floor was in place but with the furnace in operation. During this period of 
operation the room air temperatures were maintained at approximately 60 F. 
The temperature data shown are given mainly for the purpose of indicating 
ground temperatures before construction was completed. 

The temperatures shown in Fig. 8 give ground temperatures six weeks after 
the residence was completed and with the heating plant in operation. An 
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analysis of these temperatures indicates that the heat loss around the perimeter 
of the floor panel, together with the heat gain to the ground under the slab, 
presents a loss that should be given consideration in all floor panel heating 
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Fic. 7. TEMPERATURE DISTRIBUTION BELOW FLOOR PANEL, 
Jan. 3, 1947 
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Fic. 8. TEMPERATURE DISTRIBUTION BELOW FLOOR PANEL, 
Mar. 26, 1947 


designs. This would also be true for all constructions where the floor slab 
is laid directly on the ground and other methods of heating are employed. 
The desirability of insulating the perimeter of the floor panel is quite evi- 
dent from the temperature drop across the insulation which is 19.8 deg for 
the west wall and 22.3 deg for the south wall. When the temperature drop 
across the insulation or construction is known, together with its conductivity 
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or conductance, the loss in Btu per hour can be calculated by the following 
equation : 
Q = AC(Ad) 
where 


Q = Btu loss per hour 

A = area, square feet 

C = conductance of material, Btu per (hour) (square foot) (F deg) (see Table 1) 
At = temperature drop, F degrees 


For the temperature drops as reported, and assuming an area of 1 sq ft, the 
heat loss through the perimeter insulation would amount to 10.1 Btu per (hr) 


Taste 1. Heat Losses Bentnp Panet (Marcu 26, 1947) 


OF 

| 3 ATERIAL OR EMPER- u Los 

CONSTRUCTION LocaTION Bro Pes (is) — Per itr) 

(Se Ft) F Dec | (SF?) 
| (F Dec Per Ft) 

25/32 in. Insulating Board | West wall perimeter | 0.512 19.8 10.1 

25/32 in. Insulating Board | South wall perimeter | 0.512 22.3 11.4 

214 in. Insulation—2 West wall—1 ft below) 0.121 27.2 3.29 
Ai in. Concrete walls ground level 

101% in. Concrete footing South wall—1 ft be- | 1.14 7.4 8.43 
wall low ground level | 

21% in. Insulation—2 West wall—3 ft below! 0.121 7.6 0.92 
4 in. Concrete walls | ground level 

101% in. Concrete footing South wall—3 ft be- | 1.14 2.1 2.4 
wall low ground level 

4 in. Concrete slab 1 ft from west wall | 3.00 2.2 6.60 

4 in. Concrete slab 1 ft from south wall | 3.00 4.7 14.1 

4 in. Concrete slab Center of slab 3.00 1.8 5.40 


(sq ft) for the west wall and 11.4 Btu per (hr) (sq ft) for the south wall. 
The difference can be attributed to the additional insulation in the west foot- 
ing wall. Likewise, an analysis of the temperatures on each side of the footing 
walls at a distance of 1 ft below the ground level shows a temperature drop 
across the insulated footing wall of 27.2 deg as compared with 7.4 deg for the 
uninsulated footing wall. Expressed in terms of Btu, these values become 3.29 
Btu per (hr) (sq ft) for the insulated footing wall and 8.43 Btu per (hr) (sq 
ft) for the uninsulated footing wall. 

This same relationship ‘exists also at the 3 ft depth where temperature drops 
were 7.6 deg and 2.1 deg with a corresponding Btu loss of 0.92 Btu per (hr) 
(sq ft) for the insulated footing wall and 2.40 Btu per (hr) (sq ft) for the 
uninsulated footing wall. 

The effect of heat storage is indicated by a comparison of the ground tem- 
peratures of Fig. 7 with those of Fig. 8. At the 1 ft and the 6 ft levels, it 
will be noted that the ground temperatures below the center of the living room 
have increased from 33.2 to 75.3 F and from 43.6 to 55.6 F, respectively. A 


¥ 
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further analysis of the temperature drop across the 4 in. concrete slab again 
indicates the effect of the insulated footing wall on reducing the heat losses 
around the perimeter of the slab. At a distance of 1 ft from the west wall the 
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Fic. 9. TEMPERATURE DISTRIBUTION BELOW FLOOR PANEL, 
May 13, 1947 


MEGN OUTSIDE TEMPERATURE 85°F 
INSULATION 


VAPOR MEMBRANE 


018-825 + [ed e822] 799 
| 
| % 
‘ 
nat ——— 699 129-$ —— — 731-0 
“kK. | 
| — 6713 @ 1-0 — — 
WEST WALL | s | | SOUTH WALL 
| 
CENTER OF 
LIVING ROOM RESIDENCE 


Fic. 10. TEMPERATURE DISTRIBUTION BELOW FLOOR PANEL, 
Aue. 21, 1947 


temperature drop across the 4 in. concrete slab is 2.2 deg and at a distance of 
1 ft from the south wall it is 4.7 deg, as shown in Fig. 8. Expressed in terms 
of Btu, this would be approximately 6.6 Btu per (hr) (sq ft) for the west 
exposure with an insulated footing wall and 14.1 Btu per (hr) (sq ft) for 
the south exposure with an uninsulated footing wall. 
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These losses indicate paths of high heat conductivity along the perimeter 
of the slab as they allow the heat to flow through the 4 in. concrete slab around 
the end of the rigid insulating board and through the concrete footing wall. 
This effect is clearly indicated by studying the ground isotherms, as shown in 
Fig. 11. If the rigid insulating board were extended to a depth of 2 ft below 
the ground level or at least below the fill, the heat loss at this section would 
be materially reduced. 

The temperature distribution as shown in Fig. 8 also indicates that the maxi- 
mum heat storage occurs in the ground under the center of the slab and 


2. Test Report ON Sort SAMPLE* 


Mechanical Analysis 
Silt = 54.6%; Clay = 16.4%; Sand = 29.0% 
Physical Constants 
Moisture, Field Condition = 23% ; Density (dry basis) = 115 lb per (cu ft) 


a Tests conducted by Professor Miles S. Kersten of the Engineering Experiment Station, Univer- 
sity of Minnesota. 


3. ReEsuLTs oF ConpuctTiviTy TESTS 


MEAN 
Test No. | DENSITY MOISTURE TEMPERATURE | Bru/SQ Ft/Hr 
| Ls/Cu Ft PERCENT F | F/IN. 
caer 82.6 1.23 70.0 1.72 
SEE 93.0 1.23 70.3 2.23 
93.0 1.23 40.1 2.16 
93.0 1.23 24.9 2.14 
93.0 1.23 —19.9 2.15 
92.4 16.70 70.1 9.14 
92.4 16.70 40.1 8.78 
92.4 16.70 25.1 11.17 
92.4 16.70 —19.9 10.97 
92.4 23.0 70.0 11.0 
Calculated.................. 115.0 23.0 70.0 17.22 
| 


decreases to a minimum at the perimeter of the slab. At the center of the 
slab the temperature drop across the 4 in. of concrete is 1.8 deg, and expressed 
in terms of Btu, amounts to 5.4 Btu per hour per square foot. Table 1 gives a 
summary of the losses as discussed. 

Fig. 9 shows temperatures for May 13, and as would be expected, the tem- 
perature differences decrease as the outside air temperature increases. By an 
analysis of the test data as shown in Figs. 8 and 9 it is evident that in the 
design of floor panel heating systems the heat losses through the floor con- 
struction and footing walls present a greater problem in areas where sub-zero 
temperatures exist than in those of more moderate climates. 


SUMMER GROUND TEMPERATURES 


Weekly temperature readings were taken throughout the summer; Fig. 10 
shows the ground temperatures for August 21, 1947. It will be noted that 
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the ground temperatures under the center of the concrete slab increases approxi- 
mately 3 deg at all temperature points down to a 6 ft depth. These tempera- 
tures are consistently lower than temperatures at corresponding levels at the 
footing walls and also at the level 60 ft from the residence. As would be 


TasLe 4. Test Data FoR SERIES A THERMOCOUPLES FOR THE PERIOD 
Fepruary 18 to Aprit 22, 1947. Averace INDooR TEMPERATURE, 74.0 F 


THERMOCOUPLE DESIGNATION 
DATE 

A-1 A-2 A-3 A-4 A-4a A-5 A-6 | A-7 A-8 A-9 | A-10 
February 18........) 81.0 87.0 | 84.5 81.0 66.8 | 58.3 50.6 45.2 | 448 | 44.0 | 42.8 
February 21........| 83.2 87.0 | 84.8 81.7 72.4 | 66.8 57.5 51.0 | 47.3 | 45.2 | 444 
February 25......... 84.0 84.7 | 83.0 | 82.7 76.2 | 72.5 64.0 54.7 | 48.8 | 45.8 | 44.5 
March 4 < San 93.4 | 94.8 93.2 83.8 | 80.2 72.3 65.2 | 57.3 | 52.3 | 49.6 
March 17 | 98.3 | 99.4 | 97.9 94.8 82.6 | 78.1 70.5 64.7 | 59.7 | 55.6 | 53.3 
March 26.. | 85.5 | $7.8 | 87.5 85.7 77.8 | 75.3 71.7 64.7 | 62.5 | 60.5 | 55.6 
April 1 82.7 84.6 | 84.2 | 82.3 78.0 | 75.3 714 66.9 | 63.5 | 59.5 | 55.3 
April 15.. | 80.7 81.6 | 81.2 80.8 77.9 | 75.0 71.3 67.7 | 64.9 | 60.9 | 57.0 
April 22 83.6 | 84.7 84.3 81.3 76.2 | 73.1 69.5 66.2 | 63.0 | 60.0 | 55.3 
Average | — 87.8 | 86.81 | 84.83 | —— | 72.73 | 66.53 | —— — | — | — 

| | 


TasLe 5. Test DATA FoR SERIES A THERMOCOUPLES FOR THE PERIOD OCTOBER 
7 To DeceMBER 18, 1947. AveracGE INDooR TEMPERATURE, 75.5 F 


THERMOCOUPLE DESIGNATION 
} | | 
A-1 A-2 | A-3 | A-4 A-da | A-5 | A-6 A-7 | A-8 A-9 A-10 
October 7......../ 825 | 802! 790 | 77.3 | 745 | 736 | 718 | 69.8 | 67.6 | 65.6 | 63.1 
October 14..........) 80.5 80.5 | 79.8 77.9 75.2 | 73.5 71.2 69.3 | 67.5 | 65.6 | 62.7 
October 24.......... 83.2 83.5 | 83.0 82.0 77.0 | 73.8 71.3 69.1 | 67.2 | 65.0 | 63.5 
October 238.......... 85.4 84.0 | 82.5 81.5 77.1 | 74.6 72.1 69.2 | 67.0 | 65.0 | 63.0 
November 4........| 83.2 83.8 | 82.8 81.0 78.0 | 75.7 73.4 70.4 | 68.0 | 65.7 | 63.2 


November 11... .| 84.8 85.5 | 86.1 85.2 80.2 | 77.1 74.1 71.0 | 68.8 | 66.4 | 
November 18....; 86.0 | 87.0 | 87.4 | 85.8 . 9 
November 25. | 87.6 87.8 | 88.6 87.0 83.4 | 79.7 76.2 72.3 | 69.0 | 66.1 | 63.7 
December 2......... 88.6 89.0 | 89.9 89.3 84.6 | 81.4 78.0 73.9 | 70.4 | 67.3 | 64.3 
December 9*...... 100.4 | 102.0 | 101.0 98.8 88.9 | 82.8 78.3 74.5 | 70.8 | 67.3 | 63.8 
December 18.....| 95.4 96.1 | 96.2 94.5 86.5 | 82.2 78.6 | 74.9 | 71.0 | 67.7 | 64.9 


Average... — | — | 86.94 | 85.48 | — | 77.46 | 74.55 | —| —|—| — 
| 


D> 
~I 
be 
3 
or 


4Qutdoor temperature on December 9: —i2 F. 


expected, insulating the footing wall has very little effect on the ground tem- 
peratures during this relatively short summer cycle. 

Figs. 7, 8, 9, and 10 are shown primarily for the purpose of presenting test 
data, and they indicate the temperatures that existed on the day the readings 
were taken. Figs. 11, 12, 13, and 14 show average ground isotherms for 
various periods from the time the test was begun up to and including October 
28, 1947. The ground isotherms, as shown in these figures, are plotted from 
the average of all readings taken during the test period as indicated. 
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With reference to Fig. 11, the major heat losses occur through the uninsulated 
south footing wall at a point near the lower edge of the 25/32 in. insulating 
board at the perimeter of the slab. The isotherms from 54 to 70 F inclusive 
converge at this point in the south footing wall but are fairly uniformly dis- 
tributed as to depth in the west footing wall. Tracing the 54 F isotherms, it 
can be noted that it extends from the 6 in. depth at the south footing wall 
to approximately the 6 ft depth at the center of the room to the 2 ft 4 in. depth 
at the west footing wall. The value of insulation is quite apparent. 

In Fig. 12 the isotherms appear to be approaching a phase relationship due 
to the change in the surrounding ground temperatures. The average outside 
air temperature for this period was found to be 60 F, while for Fig. 11 it 
was 30 F. This resulted in an increase in the surrounding ground temperature 


x’ 
Fic. 15. GRAPHICAL SOLUTION FOR 
HEAT CONDUCTIVITY OF SOIL 


with the highest now being at the 1 ft depth and the lowest at the 6 ft depth. 
The rapid change indicates that the conductivity of the soil is high and does 
not offer much resistance to heat flow. 

The ground isotherms of Fig. 13 show conditions near the end of a prolonged 
hot spell during which time the maximum outside air temperature reached 102 
F. The direction of the isotherms is reversed which indicates that the ground 
temperatures under the concrete slab are lower than the ground temperature 
adjacent to the footing walls at the same level. Also starting at the 1 ft level 
and continuing down to the 6 ft level, it will be noted that the ground tempera- 
tures under the center of the concrete slab are consistently lower than the 
ground temperatures at the corresponding level 60 ft from the residence. Like- 
wise, the ground temperature under the center of the room and at the 6 ft 
level increased from 58 F, as shown in Fig. 12, to approximately 61.5 F. This 
temperature rise indicates a heat storage during the summer season and would 
result in a decrease in heat loss through the ground slab at least during the 
beginning of the next heating season. The effect of the insulated footing wall 
as compared with the uninsulated footing wall appears to be negligible for the 
summer period. 

The isotherms of Fig. 14 are plotted for the beginning of the present heat- 
ing season and show the same trends as the isotherms of Figs. 11 and 12. 
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EFFEcT OF MoIsTuRE IN SOIL 


A factor of major importance when calculating heat losses to the ground is 
the initial moisture content of the soil and the moisture migration over severa. 
heating seasons. In order to determine if any variation in ground conditions 
occurs from one heating season to another, soil tests were made before the floor 
panel was laid. Field tests were made to determine the moisture content of 
the soil. Laboratory tests were made on an average sample of the soil collected 
at depths of from 1 to 3 ft. In order to obtain representative results, approxi- 
mately 200 Ib of soil were used for testing. Test results are reported in Table 2. 

Results of a number of tests conducted on different soils at the Engineering 
Experiment Station, University of Minnesota, show that an increase of 1 lb 
in density increases the conductivity by approximately 2%4 percent. Applying 
this correction to the test results of Table 3, values of k for the soil at 115 lb 
per cubic foot density and 23 percent moisture content would be 17.22 Btu per 
(hr) (sq ft) F deg per in. at a mean temperature of 70 F. 

Although the ground isotherms given in Figs. 11 to 14 inclusive show where 
the major heat losses occur in floor panel construction, they do not readily 
present means for making an analysis of any physical changes that occur in 
the soil under the concrete slab. 


In order to make this analysis, the test data with respect to the Series A 
thermocouples for the periods of February 18 to April 22, 1947 and October 
7 to December 18, 1947 were selected and are shown in Tables 4 and 5, 
respectively. Temperatures at the various locations can be determined by 
referring to Figs. 4, 5, and 6. As the effect of slab perimeter and footing wall 
losses decreases as the distance away from the points increases, Series A 
thermocouples would be the least affected. The ground isotherms of Figs. 
11 to 14 inclusive indicate that the horizontal temperature drop through this 
section is relatively small. 

In order to make a graphical analysis of heat flow, it was necessary to assume 
steady flow conditions and also to assume that the lines of heat flow are perpen- 
dicular to the isotherms. 

The section under the center of the concrete siab and between the 1 and 2 
ft levels was selected for this study. 

An analysis of the test data shows a temperature drop of 2.0 deg (Table 4) 
and a drop of 1.5 deg (Table 5) through the 4 in. concrete slab. These tem- 
perature drops would be affected by the temperature of the heating medium 
which was 87.8 F and 87.1 F, respectively. 


With a conductivity value k of 12.0 for the concrete, the heat loss through the 


12.0 
slab at the selected section would be 2.0 x —— — 6.0 Btu per (hr) (sq ft) 
4 
12.0 
and 1.5 x ———4.5 Btu per (lr) (sq ft), respectively. Assuming these 
4 


values to represent the quantity of heat flowing through the gravel fill and 
the soil and using the following graphical solution (see Fig. 15), the conduc- 
tivity of the soil can be calculated as follows: 


i 


336 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


let, 
Q = Quantity of heat flowing, Btu per hour (assumed to be the same as that 
flowing through the concrete slab). 
t,; = temperature of ground isotherm at 1-ft level. 
tg = temperature of ground isotherm at 2-ft level. 
x = distance in inches between isotherms (12 in.). 
x’ = distance in feet and equal to x by construction. 
then, 
Q = ACAt 
k 
Q = (1 X x’) —Al 
x 
k 
Q = 1 X — At = amount of heat flowing through channel 1 ft square and 
12 12 in. in depth. 
where 
Q = heat flowing, Btu per hour. 
C= a, of material, Btu per (hour) (square foot) 
(F deg) = — 
x 
k = conductivity of material, Btu per (hour) (square foot) (F deg per inch). 


x = thickness or depth of material, inches. 
At = temperature difference (/; — ¢2). 


From test data (Table 4), A-5 and A-6: 
= 72.7 
tg = 66.5 
Q = 6.0 (by previous calculation). 
k 
6.0 = 1 X — (72.7 — 66.5). 
12 
k = 12 Btu per (hour) (square foot) (F deg per inch). 
From test data (Table 5), A-5 and A-6: 


77.5 
te = 74.6 
Q = 45 


45 = 1 — (77.5 — 74.5). 
12 
k = 18 Btu per (hour) (square foot) (F deg per inch). 


Because the ground froze before the floor panel was constructed, it was neces- 
sary to thaw out the ground before the concrete slab was poured. The appli- 
cation of heat and the contact of the ground with relatively dry air not only 
thawed out the soil but also reduced its moisture content as indicated by the 
decreased value of k based on the test data of Table 4. The value of k calcu- 
lated from the test data of Table 5 is in agreement with the value of k deter- 
mined by test. This would indicate that if the moisture content of the soil 
were decreased during the heating season, the moisture gain during the summer 
would tend to maintain a constant moisture content for the beginning of each 
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TABLE 6. GRoUND AND SLAB TEMPERATURES ON Mar. 4, 1947 
(MEAN OUTDOOR TEMPERATURE 20 F; AVERAGE INDOOR TEMPERATURE 75 F) 


AS 80.2 ES 70.2 
59.3 X5 348 
51.6 


heating season. The test results covering the present heating season should 
provide additional information for checking this conclusion. 

Complete test data showing ground and slab temperatures for March 4, 1947 
and December 18, 1947 are shown in Tables 6 and 7, respectively. An analysis 
of this test data also indicates an increase in moisture content and conductivity 
during the summer season. 

The curves in Fig. 16 show the relationship between ground cemperatures 
60 ft from the residence, average ground temperature below the concrete slab, 
and the mean daily outside air temperature. Any sudden changes in tempera- 
ture have very little effect on ground temperatures below the 1 ft level. 

Although the investigation is not completed, the test data to date substantiate 
the following conclusions, the importance of which would undoubtedly be gov- 


TABLE 7. GROUND AND SLAB TEMPERATURES ON Dec. 18, 1947 
(MEAN OUTDOOR TEMPERATURE 15 F; AVERAGE INDOOR TEMPERATURE 75.5 F) 


A-6 78.6 63 9 E-6 68.3 X-2n. 0 
62.0 x7 18.3 
94.9 96.0 X-12n.............. 52.7 
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erned by the outside design temperature and the physical properties of the soil 
in that particular locality: 


1. Perimeter losses for concrete slabs laid on the fill should be given added con- 
sideration. The concrete slab should not be in direct contact with the concrete foot- 
ing wall as this provides a path of high heat flow and will materially decrease the 
effect of insulating the under side of the slab. Approximately 1 in. of insulation 
should be installed around the perimeter of the slab for reducing heat losses and 
providing an expansion joint for the concrete. 

2. Heat losses to the ground can be materially decreased by insulating the footing 
walls. The practicability of this application is still questionable. Better results could 
be obtained by either making the insulation an integral part of the concrete slab or 
applying insulation between the concrete slab and the fill. 

3. A 4 in. concrete slab laid on 9 in. of fill does not provide sufficient resistance 
to heat flow. Additional insulation would decrease the temperature drop of the 
heating medium and should provide a more uniform panel surface temperature. 

4. The use of a vapor membrane under the fill material does not appear to have 
any effect upon the moisture movement in the ground under the slab. ‘ 

5. The test results indicate that the moisture content of the soil under the concrete 
slab does not change materially from season to season. 
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DISCUSSION 


P. B. Gorpon, New York, N. Y. (Written): Professor Algren shows how serious 
the ground loss might become in the operation of a floor panel heating system. It 
shows the need for proper insulation to reduce these losses which may become too 
large for proper economy. It also draws attention to those under-designed systems 
that require higher operating temperature levels for the proper heating of the occu- 
pied areas but with resulting higher percentage losses to the ground. 

Of further interest would be information on the increase in this percentage loss 
to the ground during a period of increasing load caused by sudden drop in outside 
weather conditions after a long period of equilibrium. This increase in percentage 
loss to the ground during such a condition would be of interest in its effect on 
boiler or heater capacity for this type of system. 


Cyrit Tasker, Cleveland, Ohio: Professor Algren suggests that the heat flow 
travelled downwards to a far greater depth than he had any means of measuring in 
these studies. Since we are considering the possibility of additional studies of heat 
flow to the ground as part of the Society’s research program in panel heating, 
could Professor Algren suggest how deep we ought to bury thermocouples and heat 
flow meters to aid in securing a more accurate picture of the extent and magnitude 
of heat penetration? 


H. D. Bratt, Grand Rapids, Mich.: I understood Professor Algren to say that 
the coefficient of transmission through the floor slab was found to be about 0.30 Btu 
(hr) (sq ft) recommended in THE Guine, which is 0.10 (page 137, 1948). How 
does Professor Algren account for the difference in values arrived at? If the figures 
in THe Gute are too low, these should be revised, should they not? 


THEORY OF THE GROUND PIPE HEAT SOURCE 
FOR THE HEAT PUMP 


By L. R. INGERsoLL* H, J. Prass**, Maprson, WIs. 


F THE three common sources of heat for the heat pump—water, air, and 

the ground—the last is the most commonly available. Heat is usually 
extracted from the ground by means of buried pipes, and considerations of 
efficiency require that these should not run too low in temperature. 

Accordingly it is highly desirable, as has been pointed out, to have an 
analytical theory of the flow of heat from the ground into such pipes. One 
would like to be able to calculate the temperature of the pipe as dependent on 
its size, rate of heat absorption, thermal constants of the soil, and time since 
the start of operations. Most of the existing theory, such as that of Allen,? is 
founded on the assumption of steady-state conditions of temperature, which do 
not apply here except in special circumstances. A somewhat similar problem 
is that of the cooling of concrete dams by embedded pipes, and for this the 
elaborate theory of Kingston® is available, but its application to the heat pump 
problem might be a bit involved. 

The following elaboration of the Kelvin* heat source theory is offered as 
a relatively simple treatment of the problem. If heat is obtained from an infi- 
nitely long permanent line source of heat (i.e., constant rate of heat emission), 
or sink (negative source) in an infinite medium (i.e., soil) at an initial uni- 
form temperature 7,, then the subsequent temperature at any point in the 
medium is given® by the equation 


* Professor of Physics, Department of Physics, The University of Wisconsin. 

** Assistant in Physics, Department of Physics, The University of Wisconsin. 

1 Exponent numerals refer to References. 

Presented at the Semi-Annual Meeting of the American Socrery or Heatinc aND VENTILATING 
Enoineers, Bretton Woods, N. H., June 1948. 
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TasLe 1. VALUES OF THE INTEGRAL’ /(X) FOR VARIOUS VALUES OF X 


X I(X) x I(X) x I(X) 
0.0001 8.9217 0.16 1.5567 0.62 0.3646 
.0002 8.2286 1.4977 64 3433 
0003 7.8231 18 1.4423 66 3231 
.0004 7.5354 19 1.3900 
7.3123 -20 1.3406 .2860 
0006 7.1300 21 1.2938 
.0007 6.9758 22 1.2494 74 2529 
.0008 6.8423 23 1.2072 76 2377 
.0009 6.7245 24 1.1669 78 .2234 
0010 6.6191 25 1.1285 .80 -2098 
0.001 6.6191 .26 1.0917 82 
.002 5.9260 27 1.0565 84 -1849 
.003 5.5205 .28 1.0228 1735 
004 5.2329 0.9904 88 -1627 
005 5.0097 .30 .90 1525 
006 4.8274 31 9295 92 1429 
007 4.6733 32 -94 1339 
.008 4.5397 33 8731 96 -1253 
009 4.4220 34 8464 .98 -1173 
010 4.3166 35 1.00 .1097 
0.01 4.3166 36 -7958 1.02 -1026 
02 3.6236 37 7718 1.04 .0958 
03 3.2184 38 7487 1.06 0895 
04 2.9311 7263 1.08 .0836 
05 2.7084 40 7046 1.10 .0780 
.06 2.5266 42 6634 1.20 0547 
07 2.3731 44 6247 1.30 .0379 
08 2.2403 46 5884 1.40 .0259 
2.1234 5543 1.50 0174 
10 2.0190 50 5221 1.60 0115 
1.9247 A919 1.70 0075 
12 1.8388 4 4634 1.80 .0048 
13 1.7600 56 4365 1.90 0030 
14 1.6873 58 4112 2.00 .0019 
15 1.6197 60 2.20 .0007 


For Y < 0.2, J (X) = 2.303 log 19 1/X + X?/2 — X4/8 — 0.2886 


* See Equation 1. 


where 
r 
X = —— 
V 2a2t 
T = temperature in soil at any selected distance from the pipe, Fahrenheit 
degrees. 


= initial temperature of soil, Fahrenheit degrees. 


To 
Q’ = heat emission of pipe (negative for absorption), Btu per linear foot per 
hour. 
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r = distance from center line of pipe (this applies to the surface of the pipe or 
to points several feet away), feet. 

k = thermal conductivity of the soil, Btu per (hour) (square foot) (F deg per 
foot). 


/ 


a = thermal diffusivity of the soil = k/pc. 
e = density, pounds per cubic foot. 
c = specific heat, Btu per (pound) (F deg). 
t = time since start of operations, hours. 
8 = variable of integration. 
e = Naperian base of logarithms. 
Values of the integral /(X) (see Equation 1) for various values of X = fa 


are listed in Table 1. 

Table 2 shows values of 7 —T, at various distances from a line source 
emitting heat at a rate of 1 Btu per (hr) (linear ft) after various periods of 
operation. Table 2 was computed by means of values of the integral listed 
in Table 1. 

Equation 1 is exact only for a true line source, but it may be applied with 
negligible error, after a few hours of operation, to the small (2 in. diameter 
or less) pipes in actual use in most heat pump installations. For larger pipes 
(e.g., 4 in. to 8 in.) and for periods less than a few days an error is involved, 
which, however, can be calculated. It is assumed that the pipe is long enough 
so that all heat flow is perpendicular to its length, 1.e., radial. 

The use of Equation 1 and Tables 1 and 2 will be illustrated by solving a 
number of examples. 

Example 1. A long pipe, 1 in. OD, buried vertically in moist high-conduc- 
tivity soil (k = 1.2 c= 0.45, e=102, a= 0.0261, all foot, pound, hour units) 
at an initial temperature T, = 50 F. absorbs heat at a rate of 20 Btu per (hr) 
(linear ft). What would the temperature be at the surface of the pipe in 
contact with the soil (neglecting the temperature drop through the wall of the 
pipe) after one month or 731 hr of operation? 

Solution. Substitute r = 0.417, «0.02. and t=731 to find the value of 


Wa = 0.0048. Using this value for X in Table 1 the value of the integral 
a 
I(X) is found as 5.06. Then, from Equation 1, T—T, = —2.66 5.06 = 
—13.4 deg, so T = 36.6 F. The same result is obtainable at once from Table 
2. The curves of Fig. 1 have been calculated in this way and the value of 
36.6 F may be read off at once from the upper curve. If the temperature is 
wanted a foot away from the center of the pipe it is readily obtained either from 
Equation 1 or from Table 2 with the result T— T,=—5 F, or T=—45 F. 

Example 2. Calculate the expected temperature in a 4 in. OD pipe under the 
same conditions as in Example 1, except that the rate of heat absorption is 80 
Btu per (hour) (foot of pipe), (1.e., at the same rate of absorption per unit 
area of pipe surface). See Fig. 1 for curve. 

Solution. From Table 2 for r=2 in. and t= 731 hr, soil type A, T —T, = 
—80 X 0.49=—39.2 F, or T= 10.8 F. From Fig. 1 a temperature of 10.8 
F may be read directly. 


i 
i 
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INITIAL SOIL | TEMP 


DIAM A 


30) 


TEMPERATURE -FAHRENHEIT DEGREES 


2 

= 


TIME - DAYS 


Fic. 1. TEMPERATURE AT SURFACE OF ISOLATED PIPES OF 
DIFFERENT DIAMETERS IN DIFFERENT SOILS 
Both sizes absorb the same amount of heat per (hr) (unit of surface 


area of pipe); for 1-in. pipe, 20 Btu per (ft (hr), for 4-in. pipe, 80 
j Btu per (ft) (hr). For thermal constants of the two soils see Table 2. 
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Fic. 2. COMPARISON OF ISOLATED PIPES AND HAIRPIN 
LOOPS 


Pipes 30-in. apart in different kinds of 
soil. Heat absorbed, 20 Btu per (ft) (hr). 
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It is important to note that the small pipe remains higher in temperature than 
the large one for the same rate of heat absorption per unit area, i.e., the small 
pipe is more efficient. This is entirely reasonable since the (small) longer 
pipe has more earth from which to draw its heat. Ice formation with the 
accompanying release of latent heat may slow up the cooling process below 
the freezing temperature; it is also possible to handle this case analytically, 
but no attempt to do so will be made here. Such calculations as have been 
made indicate that the effect of the ice will not be so large as might be expected. 


TABLE 2. VaLues oF T —T,* AT VARIOUS DISTANCES FROM A LINE SOURCE 
EMITTING AT A RATE OF ONE BTU PER HOUR PER LINEAR 
FOOT, AFTER VARIOUS TIMES 


T — To (FAHRENHEIT DEGREES) 

DIsTANCE® 

ONE WEEK Two WEEKS OnE MONTH Two Montus Stx Montus 
68 HR 36 HR 731 HR 1461 Hr 4383 Hr 

In. Ft Soil Ac | Soil B4 | Soil A | Soil B | Soil A Soil B | Soil A | Soil B | Soil A | Soil B 
0.25 |0.0208| 0.66 | 1.86 | 0.71 | 2.00 | 0.76 | 2.16 | 0.81 | 2.30 | 0.88 | 2.53 
0.50 |0.0417| 0.57 | 1.61 | 0.62 | 1.72 | 0.67 | 1.88 | 0.72 | 2.02 | 0.79 | 2.24 
1.00 |0.083 | 0.48 | 1.31 | 0.54 | 1.45 | 0.58 | 1.62 | 0.62 | 1.74 | 0.70 | 1.96 
2.00 |0.167 | 0.39 | 1.04 | 0.44 | 1.17 | 0.49 | 1.383 | 0.54 | 1.47 | 0.61 | 1.69 
3.00 |0.25 0.34 | 0.87 | 0.388 | 1.01 | 0.44 | 1.17 | 0.48 | 1.31 | 0.56 | 1.54 
4.00 |0.33 0.30 | 0.76 | 0.34 | 0.90 | 0.40 | 1.05 | 0.44 | 1.19 | 0.52 | 1.41 
6.00 |0.50 | 0.25 | 0.60 | 0.29 | 0.74 | 0.34 | 0.89 | 0.389 | 1.03 | 0.46 | 1.25 
8.00 |0.67 0.21 | 0.49 | 0.25 | 0.63 | 0.30 | 0.78 | 0.35 | 0.92 | 0.42 | 1.13 
12.0 {1.00 0.16 | 0.34 | 0.20 | 0.47 | 0.25 | 0.62 | 0.30 | 0.75 | 0.387 | 0.97 
18.0 |1.50 0.11 | 0.21 | 0.15 | 0.32 | 0.20 | 0.46 | 0.24 | 0.60 | 0.31 | 0.81 
30.0 (2.50 0.05 | 0.07 | 0.09 | 0.16 | 0.13 | 0.28 | 0.18 | 0.40 | 0.25 | 0.61 
60.0 ‘n — — 0.02 | 0.02 | 0.06 | 0.08 | 0.09 | 0.17 | 0.15 | 0.35 


*For a heat sink T — 7o is negative. 

bDistance measured from center line of pipe. 

eWet clay of high conductivity (k = 1.2, ¢ = 0.45, 9 = 102, @ = 0.0261). 
4Moist soil of medium low conductivity (k = 0.4, ¢ = 0.3, 9 = 100, = 0.0133). 


Example 3. Two 1 in. OD pipes are buried in the same trench 30 in. apart, 
each operating under the same conditions as the pipe in Example 1. What 
temperatures might be expected at the surface (i.e., inside) either pipe after 
two months of operation? 

Solution. Here each pipe draws heat, to some extent, away from the soil 
surrounding the other. The temperature of either pipe is that caused by a 20 
Btu per (hour) (foot) sink 0.5 in. away and an equal sink approximately 30 in. 
away. This will give T— 7, — —-20 (0.72 + 0.18) = —18.0 deg, so T = 32.0 F. 

If only one pipe has been present, T would be 35.6 F. 

The hairpin loop curves of Fig. 2 have been calculated in this way, using 
Table 2, and the value of 32.0 F may be read off at once. The single-pipe 
value of 35.6 F may be taken from either Fig. 1 or Fig. 2. 

Example 4. A 1 in. OD pipe is buried 30 in. below a soil surface kept at 
50 F, other conditions being the same as in Example 1. What is the pipe 
temperature after six months of operation? 
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Solution. Here it is necessary® to assume a negative image of the pipe, i.e., 
a source at the same distance above the surface as the sink is below. This 
gives T—T, =—20 X (0.79 —0.15) =—12.8 deg, or T= 37.2 F. 

Example 5. An isolated 1 in. OD ground pipe operates at an average absorp- 
tion of 15 Btu per (hour) (foot) during the: month of November and 30 
for December. What temperature might be expected in the pipe on January 1? 
Other conditions are as in Example 1. 


TEMPERATURE - FAHRENHEIT DEGREES 


| 


PER (HR)(FT) 


| 
| | | 
oct. | nov | o€c. Jan. | Fee. | mar. | 
2 3 4 6 
TIME - MONTHS 


Fic. 3. TEMPERATURE AT SURFACE OF 
A 1-IN. HORIZONTAL PIPE 6 FT BELOW 
SURFACE 


The pipe draws heat indicated by the 
step curve Q’, Annual variation is included. 


Solution. In this case the integrai must be split into two parts, corresponding 
to each period of time, taking ¢ in each case as the time since the particular 
interval under cox.sideration began or ended. The solution would then be T —T, 
=—15 X (0.72 — 0.67) + (—30) X 0.67 =—20.8 deg, or T= 29.2 F. 


Example 6. A 1 in. OD pipe is buried in soil 6 ft. below a surface which has 
a sine variation in temperature, ranging from 25 F on February 1 to 75 F 
on August 1. The average absorption rates for the months October through 
March are 7.1, 15.1, 23.5, 25.9, 23.0, and 18.47 Btu per (hour) (foot of pipe), 
respectively. Calculate pipe temperatures on October 1, November 1, etc., for 
soils A and B (see Fig. 3). 
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Solution. In solving this problem proceed first as in Examples 4 and 5 and 


calculate pipe temperatures accordingly. The effect of the periodic temperature 
variation of the ground is then calculated from the equation ;§ 


T To = Tiexp( sin ™ (2) 


where 


amplitude of temperature variation of ground surface, in this case 25 deg. 
hours in one year, 8766. 
distance from ground surface to center of pipe, feet. 


ll 


x 
Example 7. A 4 in. OD isolated pipe absorbs 20 Btu per (hour) (foot) 


continuously for a century. Find pipe temperatures at the end of 1, 5, 10, 50, 
100 years, if initial temperature is 50 F. 


Ww 


SOWA 


w 


TEMRERATURE FAHRENHEIT DEGREES 
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Fic. 4. TEMPERATURE AT SURFACE OF 4-IN. PIPE IN TWO 
DIFFERENT SOILS AFTER LONG-TIME OPERATION OF HEAT PUMP 
Heat extraction 20 Btu per (ft) (hr). 


Solution. The solution of this problem as given in Fig. 4 is not without 
interest because in certain cases of deep (dry) wells the summer return of 
heat may be much less than the winter absorption. The value of 20 Btu per 
(hour) (foot) is, of course, very small for a 4 in. pipe, but this is the average 
for the year. It will be noted from the curves of Fig. 4 that the rate of tem- 
perature fall after about 10 years becomes very slow. 

The theory outlined in this paper has been applied with reasonably satis- 
factory results to several sets of data not yet released for publication. The 
discrepancies have, in general, been explainable on the basis of lack of suffi- 
cient knowledge of all the factors concerned, particularly the thermal constants 
of the soil. The authors expect in the future to discuss other types of ground 


| 
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absorbers with plane or spherical shapes, but theory points to the long small 
deeply buried pipe as the most feasible solution of the ground source problem 
under average conditions. 


On the basis of theory the following general statements may be made: 


1, The temperature drop in a pipe is, in general, proportional to the rate of heat 
absorption. This would not be true in Example 6 because of the effect of the ground 
surface variation. However the part due to the pipe alone would follow this rule. 

2. For a given surface a long small pipe is much more effective than a shorter 
large one. 

3. The soil diffusivity enters as a factor as well as the conductivity, although the 
latter, on the whole, is the more important. 

4. A loop with two pipes well separated in the same trench, while not as efficient 
per foot of pipe as two isolated pipes, is permissible unless very long periods of 
operation are concerned. For short-period high-capacity operation (t.e., in a cold 
spell) it would be almost as efficient as two isolated pipes. 

5. It is doubtful if projections on the surface of a pipe give as much return for 
the money spent as the same amount expended on more pipe. 

6. For a given length of pipe a coil is much less «‘ficient vian the same length 
stretched out more or less straight. 

7. Deep vertical wells, even if dry, have certain obvious advantages, but if operated 
for years with more heat extracted in winter than is returned in summicr :t is advisable 
to calculate the possible effect of a progressive local cooling of the ground near the 
pipe. A study of Fig. 4, however, would indicate that this is not likely to be a 
serious matter. 


In conclusion it may be remarked that the problem of the heat dissipation 
from the buried electric power cable has some items in common with the 
problems treated in this paper. 
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DISCUSSION 


C. M. Asutey, Syracuse, N. Y. (Written): In practice it is necessary to use 
a whole gridwork of coils instead of the single coil or loop discussed in this paper. 

As a resuit the surrounding assumptions are completely changed. In addition 
most of the heat extracted must, of economical necessity, be in the form of latent 
heat of fusion. Also there are such factors as the proximity of the ground surface, 
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heating and cooling effect of the air, moisture condition of the soil, and method of 
operation of the heat pump system, which make any simple theoretical study of 
virtually no practical value in determining the design of a ground coil for use with 
a heat pump system. 


H. B. Norttace, Cleveland, Ohio (WrittEN): While the objective of this paper, 
implied in the first paragraph, is commendable and quite comprehensive, it appears 
that the all-important engineering basis for judging the calculations in relation to 
the real heat-flow system has been elusively buried and camouflaged in the particular 
details of the numerical examples. Principles of application thinking, properly eluci- 
dated, are at times worth much more than examples. 

The authors are called upon to set forth, in clear and simple terms, to what extent 
the general objectives have been fulfilled by the idealized system which has been 
postulated as the basis of their Equation 1. Do the data not yet released for publi- 
cation offer further clarifying practical information? How can the engineer with 
a non-mathematical background learn to recognize when Equation 1 is not valid? 

The steady-state solution, which has been dismissed as a trivial result of value 
only in some kind of special circumstances, would have practical use to establish 
appropriate limiting conditions, would it not? 

Apparently the authors are unaware of the solution to their idealized system for 
pipes of finite diameter which was presented in 1931 by A. B. Newman (/ndustrial 
and Engineering Chemistry, Vol. 23, p. 29, 1931). 


R. C. CHEwninG, Portland, Ore. (WriTTEN): The formulas presented are based 
almost entirely on conduction of heat through the ground and the results obtained 
seem reasonable for this type of heat transfer. However, to use the amount of pipe, 
indicated in Example 1, to do the heating required for a house with an 80,000 Btu 
per hour heat loss for one month would be prohibitive. Approximately 3000 ft of 
pipe would be required. 

There are installations which obtain this heat quantity from the ground with 1/3 
to 1/10 of the 3000 ft of pipe indicated. Not only do these installations obtain the 
necessary heat for one month, but for six and eight months. These installations 
verify the theory that the important consideration in the sizing of coils to obtain 
heat from the ground is not the conduction of heat through the soil, but rather the 
movement of water and water vapor in the soil, carrying the heat with them and 
making possible exceedingly high rates of transfer. 

The paper presents a good method of calculating the transfer of heat in dry 
ground to establish the poor economy involved in that type: of a heat source. Further, 
it is an excellent contribution on a subject which must be investigated much further 
before reliable application data can be provided. 


Cart F. Kayan, New York, N. Y. (Written): This treatment of two dimensional 
heat flow in an infinite medium is a very welcome contribution to the body of 
knowledge in this field. Certainly the effect of soil property values on validity of 
the final answer is well highlighted. The tables and examples should prove very 
helpful in understanding problems of this type. 

Comparison between small and large pipe, acclaiming preference of small pipe 
because of relative earth quantity, seems obscure and may be clarified. Also, reason- 
ing on behavior of multiple pipe arrangements with respect to mutual effects is 
unclear and elaboration here would be helpful. Likewise not clear is the introduction 
of ground surface effects into the basic analysis. 


AvutuHors’ CLosure: As remarked in our paper, this is a simple treatment of the 
problem. There are a number of much more complex treatments, but the difficulties 
involved in their application are of an entirely different order of magnitude as com- 
pared with those in the present case. Newman's solution mentioned by Mr. Nottage 
is in this category. 

To answer the questions about the application of this theory to various pipe sizes, 
it may be said that it is not difficult to calculate the conditions under which this theory 
holds accurately for any size of pipe, but the explanation might occupy more space 
than could be well afforded. Suffice it to say that the error involved in applying 
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this theory to a 1 in. pipe after an hour of operation is of the order of only a percent 
or so. For a 2 in. pipe it is a little more, but the error becomes less as the time 
increases. From a practical standpoint the error is negligible for pipes of such sizes. 

As indicated in the paper, this theory can take account of loops or grids and of 
ground surface effects. It cannot, obviously, calculate the effect of underground 
moisture diffusion or water flow. Nor can it take account of latent heat of freezing. 
It is questionable, however, if this is usually as important as is sometimes assumed. 

Finally it must be understood that our paper is not intended in any way as a blue 
print for heat pump installing engineers; but is merely a guide to aid experimental 
research in this field. If it can point the way towards profitable lines of research and 
away from less promising ones (¢.g., from large pipes, coils, closely spaced grids, 
etc.) we shall consider that it has served its purpose. 
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FAN SELECTION BY USE OF CONSTANTS 


By Artuur C. STERN* AND Leon D. Horow1tz**, New York, N. Y. 


INTRODUCTION 


N MARCH 1936, G. E. McElroy published as U. S. Bureau of Mines Report 

of Investigations No. 3298 a paper entitled, “Charts for Determining the 
Performance of Centrifugal Fans.” This paper reviewed at great length all the 
previous attempts at the simplification of the means of fan selection and fan 
rating, and explored a number of new and original approaches. To anyone 
interested in the application and use of fans, this paper is an inspiration to 
build upon the groundwork so thoroughly laid. Starting with this paper as 
a basis the authors have investigated a number of methods of simplifying fan 
rating and selection. The one presented in this paper is believed to be the 
simplest and most useful for field application by the industrial hygiene engi- 
neer. The method described makes use of fan constants for the selection and 
rating of fans without reference to the conventional manufacturers’ fan rating 
tables. The method presented is not intended to replace the use of fan rating 
tables, but rather to supplement their use, particulavly where it is inconvenient 
to carry a fuil set of such tables into the field. 

The Division of Industrial Hygiene and Safety Standards has collected data 
for each of the principal makes and types of fans to enable the use of the method 
presented. The Division has available for distribution to those interested tabula- 
tions of the san constants pertaining to the principal fans encountered in the 
field. This information has been prepared with the cooperation of all of the 
principal fan manufacturers. 


DEVELOPMENT OF MrtTHop 


The following letter symbols are used in the equations which follow: 


A = area of fan inlet, square feet. 
Ao = area of fan outlet, square feet. 


Pend Engr., Division of Industrial Hygiene and Safety Standards, New York State Department 
of Labor. 

** Industrial Hygiene Engr., Division of Industrial Hygiene and Safety Standards, New York State 
Department of Labor. 

Presented at the Semi-Annual Meeting of the American Socrery or HeaTiInG AND VENTILATING 
Enotneers, Bretton Woods, N. H., June 1948. 
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= a constant. 
= fan inlet diameter, inches. 
" = fan wheel diameter, inches. 


E = fan static efficiency (a decimal less than 1). 
H = static pressure, inches of water. 

K = a constant. 

N = fan speed, revolutions per minute. 

P = fan horsepower input, actual. 


Q = air quantity, cubic feet per minute. 

V = velocity at fan inlet, feet per minute. 
Vo = velocity at fan outlet, feet per minute. 
W = fan casing width, inches. 


The principal fan laws may be stated as follows: 


Q=CN; H=GN; 

Q = Ca H = Cy; 

Q = C;Nd*; H = (3) 


From Equation 3 for H, the following may be derived: 


WVH = CwNd; Co = (4) 


Equation 3 for Q and Equation 4 for H may be combined as follows: 


For any homologous series of fans, the fan inlet diameter D may be used 
instead of the fan wheel diameter d. Therefore, Equations 4 and 5 for hos 

=o may be rewritten respectively as: 
nd pec y 


In Equation 7, Q and D are related by the velocity V through the fan inlet 
in the following manner : 


Qg=* 


| 
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The expression for 2, developed in Equation 8 may be substituted in Equa- 


tion 7 with the result: 
CuV V 


Constant C,; may be used to introduce static pressure into the solution of 
fan problems and may therefore be called, for convenience, the Static Pressure 


| | | 
120 at 


FOR A 
HOMOLOGOUS FAN SERIES 
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Fic. 1. VALuEs oF C, vs. Cy, FOR A HOMOLOGOUS FAN SERIES 


Constant—C,,. Similarly, constant C,3; may be used to introduce fan speed 
into the solution of fan problems and, in like manner, may be called the Speed 
Constant—C,. Thus: 


Ch = = (10) 


The reason for selecting this particular set of constants rather than any 
other combination which could have been chosen, is that in C, and C,, (1) N, 
D, and V appear to the first power, and (2) H appears in both censtants as the 
same power. Because of this both C, and C, may easily be computed either by 
means of a simple slide rule or a table of square roots of the usual values of H. 
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Fan horsepower, P, is obtained from the equation: 


In Equation 11, E is the ratio of theoretical air horsepower (0.0001575 OH) 
to actual horsepower P. 
In the usual fan selection problem, Q, D, H and V are known before the 


fan type, speed and horsepower are chosen. Since V and H are known, C, 


7 
6 
/ 
4 
| 
| 
3 
2 
' 
500 1000 1500 2000 2500 3000 3500 
Fic. 2, Vatues oF E vs. C;, FOR A HOMOLOGOUS FAN SERIES 
7 
which equals VA also has a known value. Similarly, since D and H are 
known; the product VC, which equals D -also has a knevy-n value. 


Finally, since Q and H are known, and the value of the constant 0.0001575 is 
established, the product P & E which equals 0.0001575QH also has a known 
value. Therefore, to find N and P respectively, it is only necessary to provide 
a convenient means for finding C,, and E. It is a primary purpose of this paper 
to show that the desired convenient means is provided by (1) separately plot- 
ting C, and E against C, and, (2) separately tabulating values of C, and E 
for selected values of C,, and obtaining intermediate values between those tabu- 
lated by interpolation. 
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A homologous series of fans is one in which performance follows Equation 
2. Some fan manufacturers design all sizes of a particular fan type as a homolo- 
gous series; others change the basic design one or more times in assembling 
the whole size range of the same nominal type of fan. Where the former is 
true, all sizes of the fan type can be represented by one C,—C, and one 


Cc, vs. Gy 
FOR A 


NON-HOMOLOGOUS FAN 
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C,—E curve of table (Figs. 1 and 2) (Table 1). Where the latter is the 
case, two or more curves or tables are required to represent all sizes of the fan 
type (Figs. 3 and 4) (Table 2). 

An analysis of the C,——C, and C,—E curves for 23 series of fans sup- 
plied for this study by eight of the principal fan manufacturers shows three 
distinct groups of C,—— C, curves. Those for high speed backward curve fans 
have values of 10° for maximum efficiency between 47 and 60; 
those for forward curve (squirrel cage) fans have values of the same constant 
for maximum efficiency between 85 and 93; and the paddle wheel, high pres- 
sure and special low speed wheel designs fall in the range from 100 to 145. 
Figs. 1 and 2 represent a typical fan in this latter category, whereas Figs. 3 and 
4 represent a fan of the high speed backward curve type. The fact that Fig. 4 


— 
30 
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has a peak at a slightly higher efficiency than Fig. 2 does not imply that high 
speed fans are more efficient as a class than low speed fans, but merely that this 
occurred in the particular pair of fans selected for illustration in this paper. 


H | 
It is convenient to use values of a Ae > 10% for purposes of plotting since ees 
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this yields numbers greater than 1. Because of this, the process of calculating 
N from known values of V, H and D is as follows: 


V a/ 
(a) Calculate Ch = wr (c) Note that vH = Cn X 10-* 
therefore: 
(6) Determine Ca = x 108 
(d@) N = VH X 108 
CnD 


from Ch—Cn curve 


When Q rather than V is known, the relation between Q and V is: 


D*V DV 


| 
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The process of calculating horsepower from known values of V, H and D 
is as follows: 


’ V (c) Calculate Q from Equation 12 
(a) Calculate Ch = ——> 
(a) p = 90001575 OH 
(b) Determine E from Ch—E curve E 


The use of Figs. 1 through 4 and Tables 1 and 2 in computing fan speed 
and horsepower are illustrated in the following examples: 


Example 1. (Use of Fig. 1 or Table 1). Given: ’ = 3500 fpm, D = 17 in., 
H = 6 in. Find required fan speed, NV. 


Solution: 
Vv 3500 439 ®) 10° = 116.3 
Vi 
(from Fig. 1 or Table 1) 
(c) “2 = Ca X 10-* = 116.3 X 10 


vy WH X 10° _ 2.449 10° 


From catalog data N = 1236 rpm 


Example 2. (Use of Fig. 2 or Table 1). Given: V = 3500 fpm, D = 17 in., 
= 6 in. Find required fan horsepower input, P. 


Solution: 


V 3500 
(a) Ch = Vi = V6 = 1430 (6) E = 0.663 (from Fig. 2 or Table 1) 


DV 172 x 3500 
1833 ~ 1933  ~ 30 fpm 


(from Equation 12) 


(c) Q= 


(dé) = 0.0001575 QM _ 0.0001575 X 5530 x 6 
E 0.663 
= 7.85 hp 


From catalog data the horsepower input = 7.9 


Example 3. (Use of Fig. 3 or Table 2). Given: D = 15.75 in., A, = 1.28 
sq it, V, = 1800 fpm, H = 4 in. Find required fan speed, V. 


Solution: Since the inlet area is 1.34 sq. ft. 


Vo Ao 
4 1800 X = 1720 fpm 
Vv 1720 _ VH 
(a) Ch = VH = Vi = 860 (0) Cn “ND xX 106 57 


(From Fig. 3 or Table 2) 
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VH 
© 


= Cn X 10-° = 57 X 10-* 


VER, 
@) N= 67x 15.75 ~ 2280 rpm 
From catalog data the required rpm = 2264 
Example 4. (Use of Fig. 4 or Table 2). Given: D 15.75 in., V = 1720 
fpm, H = 4 in. Find required horsepower input P. 


Solution: ‘ 
V 1720 (b) E = 0.710 
= = = 
(a) Ch VH V4 sad (From Fig. 4 or Table 2) 
DEV _ 15.75% x 1720 _ 


(From Equation 12) 
(d) P= 0.0001575 QH _ 0.0001575 x 2300 x 4 


E 0.710 
= 2.04 hp 


From catalog data the horsepower input = 2.07 
Example 5. (Use of Fig. 3 or Table 2). Given: D = 28 in., V, = 3000 fpm, 


A, = 4.18 sq ft, A = 4.28 sq ft. H 2.0 in. Find the required fan speed, N’. 
Solution: Since inlet and outlet are known 


= 3000 x 438 = 2940 fpm 
V 2940 
- Cn = VAL yx 10 = 435 


(From Fig. 3 or Table 2) 


Vi 
10-* 
(c) ND n X 10 43.5 X 


VAX 10 _ 144 x 10 
From catalog data the required rpm = 1281 
Example 6. (Use of Fig. 4 or Table 2). Given: D — 28 in, V = 2940 fpm, 
H ==2. Find the required horsepower input, P. 
Solution: 


2940 


V 
(2) Ch = = 7 2080 (b) E = 0.53 (From Fig. 4 or Table 2) 


D?V _ 28? X 2940 _ 
(c) Q= 1833 183.3 = 12,600 cfm 
(From Equation 12) 


p = 9.0001575QH _ 0.0001575 2 X 12600 
E 0.53 


7.45 hp 


From catalog data the required horsepower input = 7.30. 
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ADVANTAGES OF PROPOSED METHOD 


Information usually found in a catalog fan rating table of six or more pages 
is condensed into a single line of data in a table listing the ratings of a number 
of different fans. For office use, the detailed manufacturers’ multi--ting table, 
several pages in length, is more convenient than the method proposed in this 
paper. However, for field use, this method substitutes one printed table in a 
notebook or briefcase for many pounds of catalogs and multi-rating tables 
which would otherwise have to be transported to provide ready reference to 
equivalent information. If a table of square root values of H as commonly 
listed in fan multi-rating tables is available (Table 3), the computation resolves 
itself to first power multiplication and division and can therefore be made 
without a slide rule. The fact that the use of this method requires interpola- 


Taste 3. Vatues or H \/H 


H vH | 4 VH H | Vi H VH 
| | | 

4 0.500 214 1.500 5 2.236 9% 3.082 

% 0.622 2% 1.581 5% 2.290 10 3.162 

% 0.708 234 1.660 5% 2.345 11 3.370 

56 0.792 1.732 534 2.400 12 3.464 

4% 0.866 344 1.810 6 2.449 13 3.606 

K 0.935 3% 1.871 64% 2.550 14 3.742 
1 1.000 334 1.940 7 2.646 15 3.873 
14 1.120 2.000 7% 2.739 16 4.000 
1% 1.325 2.120 814 
2 1.414 434 2.180 9 


tion necessarily decreases its accuracy. However this objection is more aca- 
demic than real because, (1) the multi-rating tables themseives require interpo- 
lation and (2) once the correct value of speed and horsepower is determined 
from either a multi-rating table or by means of this method the fan selected 
will actually be driven by a motor or motor and pulley combination available 
in a limited number of speeds and horsepowers. Thus, if the correct speed and 
horsepower are 1480 rpm and 2.72 hp, the fan would probably be belt driven 
by a 3 hp-1725 rpm motor because the pulley ratio to yield exactly 1480 rpm 
from a 1725 rpm motor is not readily obtainable. The nearest rpm values 
actually obtainable are 1487 and 1474 respectively. 

By using a slide rule, fan speed can, in almost all cases, be predicted by this 
method to within less than 2 percent of values published in fan rating tables. 
However, in the example just cited where 1480 rpm is desired there is actually 
a range of 12 rpm between the two nearest available speeds. Similarly in the 
typical multi-rating table, the difference between successive listed speeds is 
generally over 10 rpm for constant static pressure, and over 100 rpm for con- 
stant capacity. It is felt, therefore, that in practice there is not much diffe 
ence in the accuracy of cross-interpolation in a multi-rating table and that 
resulting from single interpolation and slide rule computation according to the 
proposed field method. 
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The method proposed will yield horsepower values accurate to the first deci- 
mal place in the range of motors made in half-horsepower sizes and to at least 
the whole number in the range beyond half-horsepower sizes. In practice, there- 
fore, it will allow the selection of motor size to the same degree of accuracy 
as could be obtained through the use of a multi-rating table. 

The proposed method is particularly valuable in the correction in the field of 
ventilation systems where the fan is moving too little or occasionally too much 
air. Here it is easy to calculate what should be the new capacity Q and the 
corresponding inlet velocity V for the existing fan inlet duct. Static pressure 
H can be calculated from an inspection of the existing system. From this infor- 
mation Cj, is obtainable. Reference to a convenient table of values of C, and E 
for various makes of fans allows the rapid calculation of the new fan speed and 
horsepower needed to make the system perform properly. Since, in the field, 
men would never have a full set of fan multi-rating tables available, such cal- 
culation would be impossible to accomplish in the field by any heretofore avail- 
able methods of fan rating. 

In general, industrial exhaust systems operate with fan inlet velocities between 
1500 and 4500 fpm. Velocities close to 2000 fpm are used for gas and fume 
exhaust systems where it is unnecessary to maintain dust carrying velocities. 
For this application velocities range from about 1500 to 2500 fpm and fan static 
pressures are generally between % in. and 2% in. For dust transport, veloci- 
ties close to 4000 fpm are employed, the range being from about 3000 to 4500 
fpm. Static pressures for this type of operation generally range from 4 in. to 
7 in. Therefore C, for dust carrying systems varies from 1125 to 2250, and for 
non-dust carrying systems from 950 to a practical maximum of about 2200. 
Figs. 2 and 4 show that maximum fan efficiency usually occurs at values of C, 
close to or below 1000. In other words these figures show quite strikingly the 
extent to which ordinary industrial exhaust systems operate at relatively ineffi- 
cient portions of the fan characteristic curves. 

The fan constants C, and C, offer tempting possibilities for further analysis. 
By grouping fans by blade type and number of blades, and further, by arrang- 
ing the grouped data in terms of d/D and D/w ratios, a number of interesting 
generalities of fan performance become evident. For instance, there is a strong 
correlation between d/D ratios for conventionally designed six or eight blade 
paddle wheel fans of low D/w ratio (i.e. less than 1.3) and the value of C, 
for any constant value of Cy. This fact allows interpolation within reasonable 
limits into the tabular data of the various manufacturers of this very common 
type of fan. 


DISCUSSION 


W. L. McGratu, Syracuse, N. Y.: The information contained in this paper should 
be very useful to the engineer in the field. I have only two comments or questions: 

1. Is the inlet velocity referred to based on the area of the actual measured inlet 
opening, or is it based on the nominal diameter of the fan? 

2. It would appear that the constants presented would in many ways be more 
understandable and conform more to previous practice, if they did not contain 
residual dimensions. 


A. C. Bartitett, Hyde Park, Mass.: This paper shows that a lot of time and 
thought have been expended in its preparation and in the development of constants for 
various types of fans, but in my opinion, the value of the constants is questionable. 
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The application of the constants is based on the assumption that the static pressure 
against which an installed fan is operating can be accurately measured or calculated. 
From experience, | know that it cannot be accurately measured or calculated, so I 
consider the use of the results obtained of questionable value. 

In any event, after all is said and done, all types of fans follow the fan lows on 
which the paper is based: i.e., that for a given fan on a given system the volume 
handled varies directly with the speed, the pressure developed as the square of the 
speed, and the horsepower required as the cube of the speed. Hence, anybody who 
can run a slide rule can readily calculate a new speed from the old speed to get 
any desired change in performance. 

Further, in the calculation the constant cancels out: 

From Equation 4: 


WH = CwNd 


or, 
II = 
For any other static pressure h: 
Hence, 
h n* 


Since experience shows that the determination of H either by measurement or 
calculation is very difficult, this method of fan selection and application of correc- 
tions is of questionable value. 


Autuors’ CLosure: Mr. Bartlett indicates the difficulty of accurate measurement 
or calculation of static pressure. However, this difficulty exists equally whether the 
static pressure is needed for use in a conventional fan rating table or for use in 
the method presented in our paper. We therefore feel that this in no way affects 
the accuracy of our proposed method in comparison with the accuracy of the use of 
fan rating tables based upon the same static pressure data. 

The mathematical expression to show that, because of the fan laws, the static 
pressure varies as the square of the fan speed, when the diameter of the fan is 
constant, appears in Equation 1. The fact that Mr. Bartlett has been able to use 
Equation 4 to get the same result merely proves the mathematics in the paper to 
be correct up to this point, but doesn't, in our opinion, add anything not already 
stated in Equation 1. Mr. Bartlett shows that it is possible using Equation 1 to 
determine the change in static pressure when a change in fan speed is known. 
However, the method presented in our paper allows the calculation of the initial 
or final fan speeds required to maintain a given static pressure at a definite capacity, 
not merely the effect of a change in fan speed from one speed to another. 

The authors believe that the method they have presented would be quite useful 
as a means for compiling data on the obsolete fan models of cach manufacturer. We 
all know how difficult it is to find a catalogue for a fan which has gone out of 
manufacture many years ago and for which catalogues are no longer currently printed. 
If each manufacturer were to make available a table of the variations of C, and C 
for the fans for which catalogues are no longer printed, one such sheet for each 
manufacturer would provide this missing information in readily usable fashion. 


4 
E 
: 
q 
= 
j 
ee 
5 
a 
‘ 


No. 1346 


SOLAR HEAT GAIN THROUGH WALLS AND 
ROOFS FOR COOLING LOAD CALCULATIONS 


By James P. Stewart,* Syracuse, N. Y. 


INTRODUCTION 


HERE is a great need for quick reference tables to aid the engineer in 

making load calculations for air conditioning installations in order that the 
cooling load due to the solar heat gain through walls and roofs may be deter- 
mined easily. Some experimental data have been obtained by Houghten et al, at 
the laboratory of the AMERICAN SociETY OF HEATING AND VENTILATING ENGI- 
NEERS. Several investigators have made analytical studies 1-2-3 of the complex 
problem of periodic heat flow through walls and roofs. After a review of the 
published data, the author decided to use the method‘ proposed by C. O. Mackey 
and L. T. Wright, Jr., because in addition to being in the author’s opinion as 
reliable as any of the others, it included an approximate method which lends 
itself to practical solution. 

This paper is written for the practicing engineer who has need for quick ref- 
erence tables. It is not intended to give results which will completely satisfy 
those desiring accurate theoretical treatment. Some judgment and arbitrary 
adjustments were made as a necessary expedient in order to prepare practical 
time-saving tables at this time without waiting several years for the completion 
of other tests and analytical data which would make greater accuracy possible. 
These tables are intended for use in the interim period until theory and tests, 
particularly for roofs, can be brought into closer agreement. 

There are many variables involved in determining the solar heat gain through 
a structure. Some are fairly well-known and others must be approximated. 
The major variables are as follows: 


1. Outside air film coefficient of heat transfer. 

2. Inside air film coefficient of heat transfer. 

3. Thermal conductivity of material. 

4. Density, specific heat and disposition of material. 
5. Thickness of material. 


*Engineer, Carrier Corp. Associate Member of A.S.H.V.E. 

1Exponent numerals refer to References. 

Presented at the Semi-Annual Meeting of the American Socirry of HeatinG AND VENTILATING 
Encrneers, Bretton Woods, N. H., June, 1948. 
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. Absorptivity of outside surface for solar radiation. 

Time pattern of solar radiation intensity incident on any material. 
Orientation of wall or roof. 

Room air temperature. 

Pattern of outdoor air temperature. 

. Hours of operation of cooling system. 


The author made a comparison of the test values obtained by Houghten,® ® 
et al. at the A.S.H.V.E. Research Laboratory with calculated values obtained 
by a method proposed by Mackey and Wright.* The test values for walls agree 
fairly well with the theoretical calculations, but there is a large discrepancy 
between the test values and theoretical calculations for roofs, the test values 
being lower. A moderate inaccuracy can be tolerated in walls because this load 
is usually a small part of the total cooling load. Much greater accuracy is 
required for roofs because this load normally represents a large fraction of the 
total, particularly when the roof is sunlit. 

The tables presented herein are based on theoretical calculations rather than 
on the experimental data, altiiough some of the calculated values were modified 
after consideration of the test data.5-® The following comments on the test 
data®: ® indicate the author’s reasons for preferring theoretical calculations : 


1. A study of the tests5-6 was made by taking the mean rate of the heat flow 
through the roofs over a 12 hour period and dividing by the average temperature 
difference between room air and the surface temperature as measured under the first 
layer of felt roofing. This resulted in an overall heat transmission coefficient which 
was about 40 percent lower than appears to be possible, even after correcting for 
omission of the outdoor surface heat transfer coefficient. 

2. Nicholls’ heat flow meters$ were used for measuring the heat flow_through 
walls and roofs and the accuracy of these observations is questioned. The heat 
flow meter consists essentially of a bakelite plate with thermocouples fastened on 
both surfaces. The temperature difference between the surfaces is a measure of 
the rate of heat flow through the plate. A good thermal contact between the bake- 
lite plate and surface of wall or roof is most essential. During the tests it was 
necessary to recalibrate the heat flow meters. 

3. The sunshine was not continuous durirg many of the tests5-6 conducted at 
Pittsburgh, and since no adequate mathematical method of adjustment was avail- 
able, corrections were made on a judgment basis. 

4. The inside surface film heat transfer coefficients are much less than normal 
for these tests, because apparently, the radiation component was much less due to 
other surfaces being at a higher temperature than the room air. In Fig. 8 of the 
paper® it will be noted that the resulting calculated inside film transfer coefficient 
is approximately 0.8 or 0.9 Btu per (hr) (sq ft) (F deg). The size and tempera- 
ture of surrounding surfaces under most actual roofs should result in an inside 
coefficient substantially higher than that resulting from a test performed in a cubicle, 
18 ft x 18 ft x 8 ft high. 

The test ® data therefore appeared to be questionable and it was concluded 
that calculated values would be more conservative and should be used, particu- 


larly for roofs. 


APPLICATION Data METHODS CONSIDERED 


The following methods were considered for determining the total sensible 
heat gain through walls and roofs: 


1. Equivalent Temperature Differential Method: In this method the heat flow rate 
to the room can be obtained by multiplication of the overall heat transmission coeffi- 


a 
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cient U by an equivalent temperature differential. The variation of the equivalent 
temperature from the mean sol-air temperature will be less than the variation of 
the sol-air temperature from the mean because of the damping or flywheel effect of 
heat storage in the structure. 

For instance, in a very thick wall with large heat storage capacity the rate of 
solar heat flow into the room may be practically constant over the entire 24 hour 
period because of the flywheel effect. For this extreme case the equivalent tem- 
perature differential would be equal to the 24 hour mean sol-air temperature minus 
the room temperature. This decremental effect is the ratio of amplitude of the 
periodic surface temperature in room divided by the amplitude of the same periodic 
sol-air temperature on the exterior. This decremental effect is expressed by the 
factor 1.65\e/U where Xe is the equivalent decrement factor as defined by Mackey 
and Wright,4 and U is the overall heat transmission coefficient. 


Note that for a very thin material having a low heat capacity the equivalent 
temperature differential at time of maximum heat flow into the room is approximately 
equal to the difference in the maximum sol-air temperature and room temperature. 


2. Total Hcat Flow Method: The rate of heat flow into the room per unit area 
for the different hours of the day may hc expressed directly in Btu per hour for 
a specific construction. This method }.as been generally used in the recent issues of 
Tue Heatinc, VENTILATING, AiR CONDITIONING GUIDES. 


3. Component Factor Method: This method requires the multiplying together of 
several factors to obtain the rate of heat flow per unit area. These factors are 
solar radiation intensity, solar absorptivity, and fraction of solar energy absorbed 
on outer surface which eventually gets into the room. 


EQUIVALENT TEMPERATURE DIFFERENTIAL METHOD RECOMMENDED 


The equivalent temperature differential method of estimating the solar heat 
gain is recommended because it seems to be the best for universal application. 
It includes both the solar heat gain and the heat gain due to air temperature 
difference. Equivalent temperature differentials calculated for walls and roofs 
are listed in Tables 1 and 2 and are based on design values of solar radiation 
intensity shown in Fig. 1. Calculations were made by use of alignment charts 
such as Figs. 2 and 3. 

The total sensible heat gain Btu per (hour) (square foot) which is that due 
to solar transmission plus that due to the temperature difference between the 
outside air and room air, is found directly by multiplying the equivalent tem- 
perature differential from Table 1 for roofs (or from Table 2 for walls) by the 
overall heat transfer coefficient U from Tables 3 and 4 or from THE GuipeE. U 
is expressed in Btu per (hour) (square foot) (Fahrenheit degree temperature 
difference between outside and inside air). 

The regular overall heat transmission coefficient U for winter may be used 
with Table 1 to determine the rate of heat flow through roofs, but it is recom- 
mended, however, that summer coefficients be used. There will be little differ- 
ence for roofs having very small overall coefficients, but there will be consid- 
erable difference for roofs having larger overall coefficients. Tables 3 and 4 
for roofs may be used to obtain the summer coefficients directly for a number 
of typical constructions. These values have been prepared using an inside film 
heat transmission coefficient of 1.2. The overzll coefficients for winter are also 
shown in these same tables. No distinction is made between winter and sum- 
mer coefficients for walls because there is little difference in these values. 
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ADVANTAGES OF EQUIVALENT DIFFERENTIAL METHOD 


The use of equivalent temperature differentials has several distinct advan- 
tages: 

1. All wall and roof structures can be covered in a few representative classes listed 
in Tables 1 and 2, equivalent temperature differentials. 


2. The total sensible heat flow is easily obtained by multiplying two quantities, 
one of which is the well known overall heat transmission coefficient, U and the other 


ON HORIZONTAL ASHVE GUIDE 
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Fic. 1. DESIGN VALUES OF SOLAR RADIATION INTENSITY USED IN PREPARING 
TABLES 


the equivalent temperature differential obtainable from Tables 1 and 2. (See Example 
1 in following section and Appendix A). 

3. The heat flow rate can be determined easily for other structures not listed in 
tables, even though the overall heat transmission coefficient is different, provided the 
structure has thermal and physical properties similar to one of those listed in Tables 
1 and 2. A method of determining the homogeneous construction which would be 
equivalent to the actual composite wall or roof is given in Appendix B. 

4. Adjustments can be readily and simply made for room and outdoor conditions 
different from the basis of the tables. (See Example 2 in following section). These 
adjustments are straight-forward and very simple and require no interpolation. 


EXAMPLES IN USE OF EQUIVALENT TEMPERATURE TABLES 


Example 1. Given: A roof is constructed of 6 in. stone concrete with 2 in. 
insulating board and tar felt roofing ‘4 in. thick and is exposed to the sun. Loca- 
tion is central part of United States. Find the rate of heat flow into room at 2:00 
P.M. for July for an outdoor design temperature 95 F and room 80 F. 

Solution: From Table 1 in 2 P.M. column for 6 in. concrete +2 in. insulation 
find the total equivalent temperature differential 34 deg. The overall heat trans- 
mission coefficient U is taken from Table 3 and is found to be 0.13. The heat flow 
rate = 34 X 0.13 = 4.42 Btu per (hr) (sq ft). 
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Example 2. For the conditions of Example 1 find the rate of heat flow into 
room at 2:00 P.M. for July for an outdoor design temperature of 105 F and a 
room temperature of 78 F. Daily range of temperature 30 deg, i.e., outdoor tempera- 
ture 75 F at 4:00 or 5:00 A.M. 


© 1.65 X 
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Solution: Make correction in equivalent temperature differential in accordance with 
note 5 in Table 1 as follows: The correction for 27 deg design temperature difference 
is (27—15)=+12 The correction for 30 deg daily range is(-*>*) =—5 
Net Total correction is +12—5=+7 The heat flow rate at 2:00 P.M. therefore 
is (34+7) X 0.13=5.32 Btu per (hr) (sq ft). For method of determining heat 
flow rates when structure is not given in Tables 1 or 2 see Example 3. 

Example 3. A 4 in. stone concrete roof covered with an average depth of 4 in. 
cinder concrete on which is placed a % in. thick felt roof with % in. pitch and slag 
surface is exposed to the sun. The location is in central portion of United States. 


| 

4 
3 


| SIO | 020 | 870 | | S10 | 910 | | 1€0 | | %&I Beg “ur + 
onid 
z 
; jooy 
| 2410 | 20 | | 290 | F10 | 210 | | LeU | 0 | WA 
> 
4 | 910 | 070 | O80 | | | 910 | | 0 190 Beg “ul + 
= ontd 
< 
ero | 210 | | £20 | FIO | SIO | | | 901 PA 
3 I % rd 541 1 54 
epleog Zunernsuy N epivoy Buijejnsuj (seyouy) 
SSANMIH 
AO dO] NO NOILVIOSNI 
(sepis OM} BY} UO JTe Bop gq) (3003 asenbs) (anoy) sed nig 


( 


373 


SoLaR HEAT GAIN THROUGH WALLS AND Roors, BY STEWART 


UL SBA SI POOM JO [VUTUION p 
pousisse UB “Ul % JO ssouyory} UB se PoUINSsY YON ‘AdINH aH], Woy 
‘ul % poeulnsse useq sey A[d B SJOOI JO UT JO pesN useq sBYy JO UB JEUTUINS 
UB UO paseq PUY ‘ACIND ONINOILIGNOD YY ONIIVIILNGA OY} BABY JOOI Ald F B JOJUIM 
*yoor painod st sIyy, ‘ul 8% poom ‘uinsdAZ yusosed q 


680°0 | O10 | 210 | STO | O@O | 2600 | O10 | ETO | 9TO | 120 £ 
oro | | FT" 610 | 920 | O10 | | SIO | 020 | “ur + 
oro | | STO | 020 | 670 | | E10 | L210 | | 
| #10 | 210 | | Seo | 110 | FIO | | | if 


| I10 | €10 | 910 | 20 | 9600 | I10 | | LTO | 
| €10 | 910 | | 620 | 110 | | 910 | | 
| | 210 | | | 110 | | 210 | #70 | | HI PA 
| S10 | 610 | 920 | SFO | | STO | | 820 | I Ald 


oro | | | S10 | | O10 | | SIO | O20 | 870 | “ul + 


110 | | 910 | ovo | ogo | 110 | | 210 | | seo | oid 

| 210 | sto | 170 | 6vo | 110 | | 910 | zo | ceo | jooy 

| ero | 210 | | 980 | | | S10 | | OFO | WPA pavog uo 

| #10 | 610 | 970 | FO | ZI'0 | STO | 070 | | 6FO | Beg + 

| | 610 | | | 910 | 120 | 670 | 

| sro | ovo | szo | | | 910 | 170 | 1¢0 | 

| 910 | ozo | ogo | | | 910 | | seo | 9 jooy 

| | Iz0 | | | | | | FE0 | 220 WPA 

| 910 | | | | | 2ZI0 | | 90 | Aid 


(papnjou0)) ¢ 


| | | | 

| | : 
| 
| | 
| 


ro | | | ceo | tro | | | evo | seo | 
jooy 
zo | | sro | seo | seo | cro | sro | ero | ovo | evo | aed 


+ 
110 €10 | 910 | Ivo | #10 | LTO | | LE0 
jooy 
| 810 | | OFO | ZI0 | SIO | 610 | 220 | 9F0 
Aid yoo] Jooy 
z KI if % KI % 
u0n 
sayouy ‘ssauyory sayauy ‘ssauyoryy 
epivog epieog N (sayouy) 
AOOY 4O AMAL 
owAWWNS AO 40 


(Suyooy 
dO] NO NOILVINSNI 


ONIAOOY HLIA, S400Y 40 NOISSINSNV4], 40 “py ATAV], 


374 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


375 


Sotar Heat GAIN THROUGH WALLS AND Roors, BY STEWART 


"21484 07 Ajdde g @ pus ‘9 

JO opis Joddn ey} pus yoop ey} JO JepuN sy} UseMjJeq UY ST YY} PoUINSse sty 


poom ‘umsdAB yusoied q 


180°0 | ¢60°0 | I1'0 | | 910 | | S600 | 110 | | 
060°0 | O10 | S10 | STO | O20 | 600 | O10 | E10 | 910 | Beg + 
| | S10 | 210 | 120 | | 110 | 410 | 210 | | 

oro | | | | | O10 | 210 | SIO | | 820 I 

¢g0'0 | 260°0 | 210 | | | | O10 | 210 | | 
7600 | 110 | | | 20 | 2600 | 110 | | 210 | #20 jooy 
1600 | | | 810 | #20 | O10 | 210 | | 6I0 | 920 | 
| €10 | STO | 020 | 670 | 110 | S10 | 910 | | I Ald 
060°0 | | | STO | 610 | | O10 | E10 | 910 | | Beg “ul + 
g600 | 110 | 10 | 910 | 20 | S600 | 110 | | | F270 | 0771 
7600 | I10 | | 910 | 120 | 2600 | 110 | | 210 | E20 | %E jooy 
pavog uinsdAry ,8% uo 
| | #10 | | | oro | | SIO | 610 | 220 | Ald pue unsdAr 

oro | ero | 910 | ovo | | oro | | 210 | | 1¢0 9 | Beg curs, + 

10 | | 910 | 170 | oso | | E10 | | eo | 
10 | sro | 910 | 170 | | 110 | | 210 | | SEO od 
10 | | 210 | 20 | | | | | | 9 jooy 
| | | | 980 | | | | | t 
| #10 | Slo | #0 | | | FIO | 6I0 | 920 Ald 


(papnj2u0)) ATAV 


By 

A 

is 

| 

| 

| q a 

| 
| 

. 

4 

~ 


376 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Design temperatures are: outdoor 95 F; daily range 20 deg; indoor temperature 
80 F. Find the heat flow rate at 2:00 P.M. for a day in July. 

Soluiion: For the purpose of selecting the equivalent temperature differential this 
construction is assumed to be equal approximately to an uninsulated 6 in. concrete 
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Fic. 3. ALIGNMENT CHART FOR DETERMINING TEMPERATURE 
DIFFERENTIAL FOR WEST WALLS 


roof for which the equivalent temperature differential is found to be 38 deg in the 
2 P.M. column of Table 1. Calculate the overall coefficient U of the roof as follows: 


1 
j= = 33 
1.2 12 4.9* 1.33 1.00 4.0 


The heat flow rate is then 38 X 0.33 = 12.5 Btu per hour per square foot. 


*k for cinder concrete from Table 2, Chapter 6, Toe Guipe 1948. 
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CoNcLUSIONS 


In the opinion of the author the values in Tables 1, 2, 3 and 4 are as reliable 
as the other elements used in determination of the cooling load, and they can 
therefore be used satisfactorily to determine heat flow rates through walls and 
roofs. Furthermore, adjustments can readily be made in the equivalent tem- 
perature differentials to compensate for different room: or outdoor temperatures. 
To determine heat flow rates for structures not given in these tables multiply 
the equivalent temperature differential for the structure having the nearest 
physical and thermal properties by the calculated overall heat transmission 
coefficient U. 

In view of the large discrepaicies between fundamental theory and test 
results, it is evident that additional experimental research is needed to ratienal- 
ize theory and practice. It is hoped, therefore, that the Society can continue 
its valuable program, particularly for roof structures. When more conclusive 
values of heat transmission through a representative number of structures 
become known, the tables presented herein for use by the practicing engineer 
can be revised to reflect the improved accuracy. 
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APPENDIX A 


EXPLANATION OF METHOD OF COMPUTING THE EQUIVALENT 
TEMPERATURE DIFFERENTIAL 


The equivalent temperature differentials listed in Tables 1 and 2 were found by the 
following equation: 


where 

tx = equivalent temperature differential. 

t; = indoor temperature (assumed constant at 80 F). 

th = equivalent outside temperature determined by the equation. 

1.65 

where 


tm = the daily average sol-air temperature (Fahrenheit degrees). 


Ae = an equivalent decrement factor which includes part of the fundamental 
and second harmonic decrement factors, dimensionless. It is a function of 
material characteristics and thickness. (See Appendix B for further 
explanation). 


U = overall heat transmission co-efficient of wall or roof, Btu per (sq ft) (hr) 
deg). 
i = Sol-Air temperature at a time earlier than the time for which heat gain is 
being found by an amount that is equal to the time lag in heat flow through 
the wall or roof (Fahrenheit degrees). 


Equation A2 may be solved for th most conveniently by use of alignment charts 
such as Figs. 2 and 3. The construction and use of these charts are explained 
in Appendix C. 

Equation A2 was developed by C. M. Ashley from an equation given by Mackey 
and Wright* as explained in Appendix D. In developing Equation A2 however, 
a slight modification was made in the equivalent decrement factors described in the 
paper* by Mackey and Wright. Some change was also made in the method? of 
determining the homogeneous structure equivalent to a multi-layer construction. 
Explanations of these modifications and changes are included in Appendix B 

The thermal conductance (k/L)e and the value of (kpc)e of the combined struc- 
ture were calculated for each wall and roof. (For detailed method see Appendix 
B.) The fundamental time lag was then determined for each structure. The overall 
heat transmission coefficients were calculated using 4.0 and 1.65 for the outside and 
inside film coefficients respectively. Next the factors 1.65\e/U were calculated for 
each wall and roof. 

Since the approximate method gives a rather sharp peak in the curve of values 
for equivalent temperature differentials at the maximum rate of heat flow, the tables 
were prepared so that the peaks were rounded off, reducing the temperature differen- 
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tial due to solar radiation approximately 10 to 15 percent at maximum values only. 
The temperature differentials for light construction roofs, having very little heat stor- 
age capacity were not reduced. 


APPENDIX B 
DETERMINING EQUIVALENT HoMOGENEOUS CONSTRUCTION 


Very few walls or roofs are of homogeneous construction, consequently, it was 
necessary to determine the equivalent homogeneous structure. Mackey and Wright 
define equivalent homogeneous construction as a simple homogeneous wall or roof 
which will have the same variation in indoor surface temperature with time as does 
the actual composite wall or roof under identical ambient conditions. 

The author attempted to determine the equivalent homogeneous construction as 
outlined by Mackey and Wright in the paper?, but there was some difficulty in 
establishing limits for the empirical equations. Professor Mackey suggested the alter- 


TABLE Bl. EQuivALENT DECREMENT FACTOR 


ORIENTATION Ae 


nate method for determining the equivalent homogeneous construction which is 
described in the following paragraph. This alternate method was used in calculations. 

The fundamental time lag (hours) is first determined for each layer seperately by 
calculating the thermal conductance (k/L) and kpc, and by using Fig. 2 (showing 
lag angles, degrees and fundamental time lag in hours) of the Mackey and Wright 
paper*. The sum of the time lags of the layers is then equal to the time lag of 
the combined wall. The thermal conductance for the combined wall or roof was 
determined by the relation. 


1 
(+ ).- (BI) 


where 


k = Thermal conductivity, Btu per (hr) (square foot) (Fahrenheit degree 
per foot of thickness). 
L = Thickness of material, feet. 
c = Specific heat of material, Btu per (pound) (Fahrenheit degree). 
e = Density of material, pound per (cubic foot). 
subscript e = equivalent to a homogeneous material of these characteristics. 


Using the combined or equivalent thermal conductance of the structure and the 
combined time lag, the equivalent (kpc) or (kpc)e of the structure is determined 
from Fig. 2 of the paper*. Using (k/L)e and the (kpc)e the fundamental (first 
harmonic) decrement factor 1 is obtained from Fig. 1 of the paper*. The second 
harmonic decrement factor A2, is then obtained from the same Fig. 1 using the same 
k/L but 2 times (kpc)e. The equivalent decrement factor Ae is determined from 
Table Bl, which was obtained from a communication of C. O. Mackey to the 
A.S.H.V.E. Research Laboratory in 1946. Table B1 is used for both homogeneous 
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and non-homogeneous construction. Ae refers to the resultant decrement factor when 
approximating the combined fundamental, second harmonic, etc., decrement factors. 

Some inaccuracy is introduced in this method for determining the equivalent homo- 
geneous structure because this method gives the same result no matter whether insu- 
lation is placed on the outside layer or on the inside layer of a wall or roof. 
Assuming the same solar absorptivity, it appears that less heat will flow through a 
structure if the insulation is placed on the outside. The outer surface temperature 
will become elevated because of the low heat capacity and low thermal conductivity 
of the insulation which results in a greater quantity of heat being dissipated to the 
outdoor air because of a greater difference in temperature. 

The equivalent decrement factor Ae was used to obtain a closer approximation 
than can be had by merely using the fundamental decrement factor. 


APPENDIX C 
CONSTRUCTION AND USE OF THE ALIGNMENT CHARTS 


The alignment charts shown in Figs. 2 and 3 were constructed from calculations 
of the sol-air temperature for every hour as shown by Equation 1 of the paper?. 
Nine alignment charts were prepared including one for roofs and one for each of 
eight different wall facings. The sol-air temperatures were calculated for 0.5 and 
0.4 absorptivities for the walls and only 0.9 absorptivity for the roofs. The solar 
radiation intensity and outdoor air temperature used are explained in Appendix E. 
The solid lines in Fig. 1 show the values of solar intensity used. Note that the 
sol-air temperature of a wall or roof in the shade is merely the outdoor air tem- 
perature. The dashed lines tm are the calculated 24 hour average values for each 
sol-air temperature curve. Scales C and E are the same and separated by the scale 


D so that any value of (1.6642) can be readily determined for any corresponding 


value of te and fm. Scale A is simply a means for subtracting the fundamental time 
lag in heat flow through the wall from the time of day it is desired to determine 
the instantaneous rate of heat flow int: the room. 


CALCULATION OF TEMPERATURE DIFFERENTIALS FOR TABLES 1 AND 2 


Example C1. Given: A roof constructed of 6 in. stone concrete with 2 in. insulat- 
ing board and tar felt roofing % in. thick. Location 40 North Latitude July 23. 
Room temperature 80 F, outdoor design temperature 95 F, daily range of tempera- 
ture 20 deg. Find the temperature differential for determining the rate of heat flow 
into the room at 2:00 P.M. sun time. 


Solution: The following thermal and physical properties are determined from Table 
E2 of Appendix E. Time lag is determined from Fig. 2 of paper. 


Time Lag 
k/L kpc Hours 
ET 3.58 3.1 0.22 
2 in. Insulation 0.165 0.116 0.85 
6 in. Concrete 2.0 28.0 3.60 
Total 4.67 


Determine (+), by Equation B1 of Appendix B. 


1 
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Note that k and L may be expressed here in either inches or feet as long as both are 

in the same units. From Fig 2 of paper‘ find (kec)e corresponding to (=) of 0.147 
e 
- and a time lag of 4.67 hr = 0.55 
2 (kecle = 2 X 0.55 = 
From Fig. 1 of paper* find 4; corresponding to (7) of 0.147 and (kec)e of 0.55 
e 
= 0.055. 


Also find 2 corresponding to (=) of 0.147 and 2 (kec)e of 1.1 = 0.034. 
e 


Using Table B1 of — B determine 2e. 


he = 0.721 +0 
= 0,7 (0.055) + 0.8 (0.084) 


Calculate overall heat transmission coefficient U. 


U= = 0.131 


See Fig. 2. The sol-air temperature at 4.67 hr before 2:00 P.M. (at 9:20 A.M.) 
is 122 F. The time may be obtained directly by moving horizontally from 4.67 on 
scale A to 2:00 P.M. on the diagonal scale, then up vertically to the sol-air 
temperature curve. 

The line drawn from scale C to scale E is always from the sol-air temperature 
on scale C to the mean sol-air temperature corresponding to the sol-air tempera- 
ture curve. 

Draw a line from 122 on scale C to 101 (tm) on scale E, tp is 114 F, where this 
line intersects 0.62 on scale D. The temperature differential therefore is t —ti or 
(114-— 80) = 34 deg and the instantaneous rate of heat flow at 2:00 P.M. is 
(t»—ti) U=34X013=4.42 Btu per (hr) (sq ft). 

The temperature differential at maximum rate of heat flow can be determined 
in like manner. This value is 47 deg. The value in Table 1 corresponding to this 
time has been reduced 3 deg as explained in Appendix A. 


APPENDIX D 


DERIVATION OF EguaTion A2 UsEpD FoR CONSTRUCTION OF THE ALIGNMENT 
Cuarts Fics. 2 anp 3 
The following equation was developed by Mackey and Wright‘ to give the approxi- 
mately correct rate of heat flow in periodic heat flow problems. In this equation to 
is the temperature of the inside surface of the building material. The symbols are 
the same as those used by Mackey and Wright. 


where 


te = + 9006 Gm 4) (D2) 


0.856 + 


1.65r¢e _ 1.65 X 0.049 _ 4 
F 
4 
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Now 
1 1 
U = 
1 1 L L 

therefore 

and 


Changing Equation D3 to give rate of heat flow (to — 41) X 1.65 by subtracting ti 
and multiplying by 1.65 to both sides. 


[ — 1.65 = + (tm + Rel tm} — $1.65 
= U (tm — + 1.65re[ (tele —tm] (D4) 
Since th is the outside air temperature for steady state heat flow through a struc- 
ture in the shade, which would give the same rate of heat flow as the instantaneous 


rate of heat flow due to the sol-air temperature at a time earlier by the fundamental 
time lag in heat flow through the structure, then, from definition of tp : 


[ (to)o+% — {] U = rate of heat flow to room a hours after 6 


Substitute this term in the left side of Equation D4 and divide both sides by U. 


[ = tm — + — tm) (D5) 
Cancel #; in both sides. 
Then 
th = tm + — tm) 
where 


t, = sol-air temperature taken at an earlier time, equal to the fundamental 
time lag in heat flow through the structure when calculating the instantan- 
eous rate of heat flow to the room 


APPENDIX E 


EXPLANATION OF CONSTANTS AND VARIABLES USED IN CALCULATIONS 


Heat Transfer Film Coefficients—The outside surface heat transfer coefficient of 
4.0 Btu per (sq ft) hr (F deg temperature difference) was used. It corresponds 
to an average wind velocity of approximately 7 mph. The inside surface heat 
transfer coefficient of 1.65 was used. These are the same general values selected 
by Mackey and Wright. 

Solar Radiation—The actual values of solar radiation used in the calculations are 
shown in Fig. 1. (Also see section on Special Consideration for Roofs.) The design 
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TasLe El. Assorptivity* OF MATERIALS TO RADIATION 
ABSORPTIVITY FoR 
ABSORPTIVITY For ° Low Temp. 
MATERIAL SoLaR RADIATION RADIATION 
AT Approx. 100 F 
0.63 0.3 - 0.6 
Concrete Tiles, = 
Galvanized Iron, 
Paint, Flat White 0.35 0.90 
Glossy White.... <n 0.30 0.90 


a These values are only approximate. 


TasBLeE E2. PHYSICAL AND THERMAL PROPERTIES OF MATERIALS USED IN 


CALCULATIONS 
ke 
THERMAL 
° CONDUCTIVITY SPECIFIC 
MATERIAL DENSITY Btu/Hr) (Sq Ft) HEAT 
Lb/(Cu Ft) (F Deg) Btu/(Lb) 
(F Deg) 
Ft Thick In, Thick 
112 “0.42 5.0 0.20 
125 0.77 9.2 0.22 
140 1.00 12.0 0.20 
78 0.24 3.0 0.26 
Plaster, Metal Lathh..................0......s000000. 90 0.27 3.30 0.20 
100 0.42 5.00 0.20 
5.7 0.025 0.30 0.20 
55 0.83 1.00 0.40 


aln calculations of kec, etc., k is in feet thickness. 
bk/L of an air space=1.1 but = 0. 
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values are for July 23, 40 deg North Latitude. Fig. 1 also gives the design values 
recommended in THe Guipe, 1948. When Tables 1 and 2 were prepared, THE 
Guive 1946 did not show sky or diffuse radiation through windows and therefore 
sky radiation is not included in these calculations. The inclusion of sky radiation 
would increase the rates of heat flow slightly. The data in THE Guipe 1948 do not 
fully reflect the absorption of solar radiation by the atmosphere under design condi- 
tions in summer, the effect of which would be to lower design values of solar radiation. 


Absorptivity to Solar Radiation—The absorptivity of very light colors such as 
white or cream is based on 0.5. Most white paints have an absorptivity as low as 
0.4 but it is believed that there will usually be sufficient dust and soot to increase 
this value to 0.5. Medium colors such as medium grey, blue, green, pink, etc., are 
based on 0.7 absorptivity. Dark colors were based on an absorptivity of 0.9. Calcu- 
lations were made only for the light and dark walls. A straight line interpolation 
between these values is required to obtain the temperature differential for medium 
color walls. 

Heat flow through roofs was calculated only for an absorptivity of 0.9 because 
it is believed that a light colored roof soon becomes dark due to collection of soot 
and dirt. It is not practicable to paint a light colored roof often enough to main- 
tain the light color. There may be certain locations in the tropics where there is 
no smoke from industrial activity or from heating plants where it would be practic- 
able to maintain the light color. See Table E1 for values of solar absorptivity selected 
from several sources. More reliable data on solar absorptivity would be desirable. 


Design Air Temperatures—The room temperature was assumed constant at 80 F. 
The outdoor design dry bulb temperature was 95 F at peak, occurring about 3:00 
P.M. and lowest temperature of 73.5 F occurring at 5:00 A.M. This is a daily 
range of dry bulb temperature of 95—73.5 equals 21.5 deg or say 20 deg daily 
range for round figures. These outdoor air temperatures were selected as being 
typical of the climate representative of the large central area of the United States. 
This daily range is also typical of the larger central area. The daily range is much 
lower near any large body of water, as at the seashore, where it may be 12 to 14 
deg. In semi-arid regions and at high elevations, the daily range may be 30 to 35 
deg. (For method of adjusting of other daily ranges, see notes following 
Tables 1 and 2.) 


Physical and Thermal Properties of Materials—See Table E2 for values used 
in calculations. 


Special Consideration for Roofs—Because of the large discrepancy between the 
experimental and calculated values of heat gain to roofs due to solar radiation and 
because of a suspicion that the regular overall heat transmission coefficients are too 
high, it was decided to reduce the solar radiation effect received by the roof by 
20 percent. This can be considered as an arbitrary change, which for example, would 
be equivalent to a change in wind velocity from 7 to 10 mph. The sol-air tem- 
peratures shown on the alignment chart Fig. 2 reflect this 20 percent reduction. A 
study of the tests5- 6 shows thermal conductivities for felt roofing and concrete which 
are lower than the accepted values. 


Roofs Sprinkled and Flooded with Water—Because of the extra complication, 
and the low rate of heat gain involved with sprinkled or flooded roofs, no attempt 
has been made to calculate the heat transmission. Instead, the temperature differen- 
tials have been set up on a judgment basis using the tests,5»6 and modified for the 
higher outdoor wet bulb temperatures which occur in some sections. 


Constant Indoor Air Temperatures—The assumption is made that the room will 
be cooled 24 hours per day, but this is true only in such applications as hotels, 
apartments, etc., except in extremely hot weather, when operators find it desirable 
to operate the cooling system 24 hours per day to take advantage of storage. For 
intermittent operation, the rates of heat flow theoretically should be greater, but it 
is not known how much greater. Valves in Tables 1 and 2 are thought to be safe 
for intermittent operation occurring during one 8 or 10 hour period of operation 
in 24 hours. 


Discussion ON SOLAR HEAT GAIN THROUGH WALLS AND Roors 


DISCUSSION 


H. B. Notrace, Cleveland, Ohio (WritTEN) : The tabulated equivalent temperature 
differentials may be employed directly to expedite the method of cooling-load analysis 
presented in THE Guipe 1948. The developments in both Tue Guine and in this paper 
represent an immediate practical treatment of a problem on which there has been 
considerable discussion in the Technical Advisory Committee on Cooling Load. As 
Mr. Stewart has pointed out, this treatment is not to be blindly accepted as the 
ultimate and only method. The great need in the near future is for a widespread 
accumulation of practical experience which will enable decisions to be made regarding 
whatever further work may be justified. 

It also seems well to introduce into the record, on behalf of the Technical Advisory 
Committee on Cooling Load, a brief comment on the exact mathematical solution 
for structural sections comprising several layers of different materials. The 
TRANSACTIONS’ version of the paper by Mackey and Wright! presents complete solu- 
tions for two-layer and three-layer walls. Since the algebraic expressions as pre- 
sented therein are somewhat cumbersome, further manipulation was undertaken at 
the A.S.H.V.E. Research Laboratory to find out if simplification were possible. In 
doing this the many variables involved were reduced by combination into character- 
istic dimensionless groups. Both of the surface conductances were treated as unspeci- 
fied variables in this treatment. The results were as follows: 


No. of Layers 1 2 3 n 
No. of Characteristic Dimensional Group............. ciecakage i 5 7 2n+1 


When it is realized, for example, that any general presentation of the behavior 
of a five-layer wall would require a series of curves or tabulations embracing eleven 
variables, then the justification for rough approximations becomes further evident. 
Professor H. A. Johnson has presented the complete picture for a single layer wall?, 
and this will further show how extensive the general problem can become. 

It should be mentioned that complete mathematical solutions for walls of more 
than three layers have been carried out3-4 and can be referred to by anyone 
specially interested, but so far no one has undertaken to reduce these analyses to 
simple arithmetic manipulations for rapid use. 

Finally, there are still unanswered questions regarding periodic heat flow in two- 
or three-dimensional temperature fields, such as occur in corners, through hollow 
building tiles or concrete blocks, at wall junctures, and the like. Also, the assump- 
tion of negligible thermal capacitance for air spaces is seemingly justifiable for 
the periods and amplitudes encountered in air conditioning, but not necessarily so 
for other systems. 


W. E. Zieser, York, Pa. (Written): This paper is a valuable contribution to 
the periodic heat flow work which has been carried on by your Technical Advisory 
Committee on Cooling Load, of which the author is a member. Preparation of 
this paper was urged by the committee after the A.S.H.V.E. Research Laboratory 
checked these tables for the committee. 

Mr. Nottage of the Laboratory staff has been correlating the work for the com- 
mittee and during his effort to obtain a method of presenting the tables embodying 
Mackey and Wright’s work, he discovered that Mr. Stewart was working on tables 
of this type. He checked Mr. Stewart’s work and felt that his method might be 
off a little on the time basis, that is, there might be an hour’s time discrepancy in 


1 A.S.H.V.E. Researcu Report No. 1299—Periodic Heat Flow—Composite Walls or Roofs, by C. O. 
Mackey and L. T. Wright, Jr. (A.S.H.V.E. Transactions, Vol. 52, 1946, p. 283.) 

2 Periodic Heat Transfer at the Inner Surface of a Homogeneous Wall, by H. A. Johnson. 
(A.8.H.V.E. Journat Section, Heating, Piping & Air Conditioning, Vol. 20, No. 5, May, 1938.) 

3 Operational Solution of Some Problems in Heat Transfer, by A. U. Bryant. (M. S. Thesis, 
University of California, 1940.) 

4Om Anvendelse af Operator—Regning paa Varmetr issionslaeren, by F. C. Becker, Meddelelse 
I-V fra Danmark’s Tekniske Hoejskole’s Laboratorium for Opvarmning og Ventilation, Copenhagen, 
1945, p. 76-86. (To be translated and published in English during 1948.) 
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the peak heat load. The committee considered this close enough for practice, con- 
sidering today’s knowledge of the subject. 

There would be considerable work necessary to prove by practical tests this mathe- 
matical work by Mackey and Wright and the adjusted tables by Mr. Stewart. 

Interest in this subject is lacking because periodic heat flow is a small portion of 
the cooling load and consequently an error in it would not affect cooling load 
excessively. The more radical case would be a roof of light construction on a one- 
story building, without water covering of the roof or a spray pond on the roof. 

The committee would like to have any engineering suggestions regarding this 
work at a very early date so that they could be considered before these tables are 
submitted for use in THe Guipe. 

After several years practice with these tables, if they prove sufficiently inaccurate, 
we may be able to arouse enough interest to justify the expense of tests. Right 
now there appear to be more weighty problems on which to spend money. 

I again wish to thank Mr. Stewart and his colleagues in the name of the Cooling 
Load Committee for this contribution. 


C. O. Mackey, Ithaca, N. Y. (Written): The concept of equivalent temperature 
differential and the many tables prepared by Mr. Stewart give a convenient method 
of estimating rate of gain of heat through roofs and walls due to the combined 
effects of solar radiation and temperature difference. Mr. Stewart made an arbi- 
trary reduction in sol-air temperatures for roofs by assuming that the product of 
solar radiation incident upon horizontal roofs and absorptivity divided by film coeffi- 
cient was 80 percent of the value calculated from Fig. 1 for any time of the day 
when using an absorptivity of 0.9 and a film coefficient of 4 Btu per (hr) (sq 
ft) (F deg). 

This is undoubtedly a step in the right direction if the tables are to be used in 
estimating cooling loads. There are many reasons why this procedure may be justi- 
fied; nocturnal radiation lowers the daily average sol-air temperature and reduces 
the rate of heat gain at any hour of the day; the film coefficient of heat transfer 
from horizontal surfaces to outdoor air is generally greater than from vertical sur- 
faces to air. The most important consideration, however, is that instantaneous rates 
of gain of heat from the room surfaces of roofs and walls are not cooling loads. 
Roughly two-thirds of this instantaneous rate of heat gain is in the form of radia- 
tion; this heat gain is not felt as cooling load until (1) the radiant energy is 
absorbed by other room surfaces such as floors and partitions, (2) the building 
materials absorbing this radiation are warmed to a temperature above that of the 
room air, (3) the heat is transferred from these surfaces to indoor air. Due to 
the storage of heat in the building materials, the maximum cooling load will not 
be as great as the maximum instantaneous rate of heat gain and will occur at 
a later time. 

In general, if any engineer is interested in the accurate estimate of cooling load, 
he must differentiate between cooling load and instantaneous rate of heat gain. The 
difference is particularly important when (1) the instantaneous rate of heat gain 
fluctuates appreciably with time, (2) the building materials have high heat capacity, 
(3) any appreciable portion of the instantaneous rate of heat gain is in the form 
of radiant energy. These remarks apply with equal force to solar radiation trans- 
mitted by glass and to internal loads resulting from heat emitted by appliances, 
lights, and people. It may be very inaccurate to conclude because one square foot 
of west glass, for example, transfers heat to indoor air and room surfaces at the 
rate of 208 Btu per hr at 4 p.m., that the cooling load is increased by this amount 
at this time. Specific examples of lighting loads that illustrate this principle appear 
in Mr. Leopold’s paper. 


C. S. Leoprotp, Philadelphia, Pa. (WrittEN): I should like to know if you have 
differentiated between the thermal release of the inside of the exposed surface and 
the thermal gain of the air-water mixture, which would represent the cooling load 
at any given time. Most of the thermal release is by radiation. Radiation does not 
result in appreciable increase of the temperature of the air and water vapor until 
it has caused a temperature rise and, in turn, resulted in convection. In warming 
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the surface of the solid, an important portie~ of the heat may be conducted into 
the solid, or even out of the immediate system, i‘us not effecting a corresponding 
increase in air temperature. 


G. V. ParMeELeg, Cleveland, Ohio (WritTtEN): Mr. Stewart has in this paper 
presented, in tabular form, data which are to be used with the quite familiar value 
of U for walls or roofs. The form in which these data appear will undoubtedly be 
well received by the practicing engineer. The equivaient temperature differentials 
shown have been derived in part from approximate rational equations developed by 
Prof. Mackey from test data obtained by the A.S.H.V.E. Research Laboratory some 
years ago in Pittsburgh and from data from many other sources. They therefore 
represent a great deal of very patient effort. 

In following through certain rather basic assumptions, several points need 
clarification. 

1. It is recommended that overall coefficients for summer be used. Tabular values 
using an inside surface conductance of 1.2 are presented. However, the expression 
which defines the equivalent outside temperature takes 1.65 as the indoor surface 
conductance. Use of 1.2 instead of 1.65 would lower signficantly the equivalent 
outside temperature. 

2. Because of a discrepancy between experimental and calculated values of heat 
gain through roofs due to solar irradiation, the solar radiation effect was reduced 
20 percent to bring the computed values more in harmony with the lower experi- 
mental values. However, the agreement between experimental and calculated values 
for walls was reasonably good. It is not clear why this adjustment is justified, 
since uncertainties as to test data accuracy must apply with equal emphasis to both 
walls and roofs. 

3. The reasoning behind the adjustment for daily range in temperature is not clear. 
One suspects that, where the daily range is greater than average, the solar intensity 
is also greater. Except where air drainage into valleys is to be considered, the 
daily range is probably roughly inversely proportional to the clearness of the atmos- 
phere and hence, roughly, directly proportional to the solar intensity. Therefore, the 
adjustment for daily range is probably balanced by a greater solar intensity. 

Mr. Stewart’s paper points up the need for better fundamental data, particularly 
with regard to the heat transfers and exchanges that take place at the interior 
and exterior boundary surfaces of buildings. In addition, thermal storage of the 
building structure must be considered relative to instantaneous cooling load. Is it 
not time for the Society to consider undertaking carefully instrumented and controlled 
full-scale studies of cooling and heating loads and the influence of both internal and 
external factors? The problem is within the scope of several technical advisory com- 
mittees and is deserving of activation in the very near future. 

I would like to ask Mr. Stewart how much difference there is between the 
theoretical and test va!ues for heat flow through walls and roofs. 


C. M. Humpureys, Cleveland, Ohio: According to the first two figures, the sol-air 
temperatures during the night were assumed to be the same as the ambient air tem- 
perature. Actually the surface temperatures would be lower than the air tempera- 
ture because of radiation from them to the stratosphere. This would be particularly 
pronounced in the case of flat roof areas. 

While this radiation effect might be of no importance in determining the maximum 
cooling load, it would increase the negative cooling loads computed from Table 1 and 
would therefore result in a lower daily load. 


AvutuHor’s Ciosure: Professor Mackey has explained very clearly the difference 
between (a) instantaneous rate of heat gain, and (b) cooling load. In reply to 
Mr. Leopold, the tables based on this paper are calculated to give the instantaneous 
rate of heat gain, which gives maximum rates of heat flow which will be greater 
than the actual cooling load. I believe it is more practical to have tables of solar 
heat gain through glass, walls and roofs all based on instantaneous values and use 
some kind of modifying factors to lower the maximum rates whenever the inside 
surfaces have an appreciable amount of storage. 
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When the heat gain is due to radiant heat interchange, the actual contribution to 
the cooling load would be the average rate over, say, a 2 or 3 hour period for inner 
walls of medium heat storage capacity, and the average rate over a 3 or 4 hour 
period for inner walls of great heat storage capacity. If the inner walls and ceiling 
are constructed of insulation board, for example, which has practically no heat 
storage capacity, the instantaneous rates of solar heat gain should be used without 
any modification. Again if the radiant heat gains are large in comparison to the 
surface areas inside the room, one should make only very slight reductions in the 
instantaneous rates of heat gain. 

Mr. Parmelee very properly raises the question why an inside surface conductance 
of 1.65 was used to determine the temperature differentials presented in these tables, 
whereas a conductance of 1.2 is used when determining the overall heat transmission 
coefficient used to obtain heat flow rate. The value 1.65 was used because all the 
charts in the paper* also used this value—and it was not practical to repeat this 
work. Furthermore, it is believed that the temperature differential would be reduced 
only slightly (say 5 percent) if the value of 1.2 had been used instead of 1.65. (See 
table 4 of Mackey and Wright’s paper‘.) 

In reply to Mr. Parmelee’s second point, please refer to Professor Mackey’s com- 
ments regarding nocturnal radiation and film coefficients of heat transfer for hori- 
zontal and vertical surfaces. The effect of nocturnal radiation was not included in 
this paper. It may be an appreciable amount for roofs but is negligible for walls. 

The adjustment for daily range in temperature was based on the solar radia- 
tion intensity remaining constant. Mr. Parmelee is correct in stating that the adjust- 
ment for daily range is partialiy compensated by a greater solar intensity or less 
depending upon whether the daily range is greater or less than 20 deg. For 
practical estimates of the majority of jobs, it is mot recommended that all the 
correction factors such as this one be used. 

The theoretical peak values (as obtained by this paper) of heat flow compare 
with test5- 6 values as follows: 


WALLS 


8 in. brick wall, 5 percent less than test. 
Frame wall, light colored % in. siding on % in. wood sheathing, 16 percent greater than test. 
Concrete wall, 8 in. thick medium colored, 14 percent less than test. 


ROOFS 


2 in. concrete with smooth black felt, 50 percent greater than test. 

2 in. wood with black felt and slag, 40 percent greater than test. 

6 in. concrete with black felt and slag, 90 percent greater than test. The heat flow rates deter- 
mined in the tests, ® were also instantaneous rates since heat flow meters were used. 
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HYDRAULIC ANALOGUE FOR THE SOLUTION OF 
PROBLEMS OF THERMAL STORAGE, RADIATION, 
CONVECTION AND CONDUCTION 


By S. Leopotp*, PHILADELPHIA, Pa. 


PuRPOSE OF THE ANALOGUE 


[Ts CALCULATIONS of the cooling load in air conditioning, it has been 
tacitly assumed that thermal storage may be utilized or neglected according 
to the designer’s wishes. In a conventional air cooling system, however, where 
the major load is due to artificial lighting or solar radiation, thermal storage 
of engineering importance occurs even where the cool air supply is at all times 
adequate to maintain constant room air temperature. The mathematical solution 
of heat diffusion problems is cumbersome at best and when, as in this case, 
radiation, convection and conduction for two or more solids must be considered, 
the mathematics is complicated beyond reasonable engineering application. 

A hydraulic analogue has therefore been constructed for the purpose of solv- 
ing such problems and thereby providing an insight to the true nature of the 
cooling load and the behavior of cooling systems. 


Two PRoBLEMS 


The following Problems A and B are presented to illustrate the analysis of 
the load and the equivalence of the analogue: 

Assume: An infinite interior zone in a multi-story building; no furniture or 
fixtures; floor construction 10 in. cinder concrete, no furring; entire load is 
indirect illumination as by silvered bowl lamps; load equivalent 3.4 watts per 
square foot; ceiling painted with white zinc oxide, floor dark color; air supply 
uniformly diffused; room air temperature — structure temperature at zero time. 

A. Solve for cooling requirements, air and structure temperatures as a func- 
tion of time when air constantly introduced is of a quantity and at a tempera- 
ture which would maintain a constant air temperature in the.absence of storage. 
(The usual basis of calculation.) 


* Consulting Engineer. Member of A.S.H.V.E. 
Presented at the Semi-Annual Meeting of the American Society of HEeaTING AND VENTILATING 
Enoineers, Bretton Woods, N. H., June 1948. 


1 Exponent numerals refer to Bibliography. 
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B. Solve for cooling requirements and structure temperatures as a function 
of time when the air supply and its temperature are controlled to maintain con- 
stant room air temperature. (The usual application.) 


Two ANSWERS 


Answers as obtained by means of the hydraulic analogue are presented in 
Figs. 1, 2 and 3. 

For Problem A, based on the usual space cooling calculation, the temperature 
of the room air will drop while the temperature of the floor and ceiling will 
rise and the required refrigeration effect is less than that calculated without 
taking storage into account even after 14 hours of operation. 

For Problem B, the temperature rise of the structure is greater than for 
Problem A and the required cooling effect is considerably less than that avail- 
able on the basis of Problem A. The magnitude of these effects is of engineering 
significance. 


QUALITATIVE JUSTIFICATION OF THE RESULTS 


Air is substantially transparent to radiation. Carbon dioxide and water vapor 
will absorb a portion which, in the subject problem, would not be expected to 
exceed 10 percent!. Opaque solids, in part, reflect and, in part, absorb, depend- 
ing primarily on the absorptivity of the surface. The part absorbed causes a 
rise of the surface temperature and this, in turn, causes heat transfer to the air 
by convection, to other solids by radiation, and into the solid by conduction. 
Thermal storage or conduction, therefore, will take place until the temperature 
of the surface is sufficiently above the room air temperature te provide an 
energy rate of convective exchange, surface to 7*~ plus radiation to other sur- 
faces, equivalent to the rate of radiant energy «.:orption by the surface. 

If, at a given time, there is thermal storage, the cool air supply does not have 
to remove the entire load (e.g., Problem B). If the cool air supply is sufficient 
to compensate for the entire load, it represents an over-supply for the momen- 
tary load and the room air temperature will be depressed (e.g., Problem A). 


PROBLEM STATEMENT FOR QUANTITATIVE ANALYSIS 


The factors which must be considered are shown diagrammatically in Fig. 4. 
Of the energy supply to a bare filament lamp 84.6 percent appears as radiant 
energy. 

The percent of source energy which represents the radiant energy directly 
absorbed by the ceiling was determined in previous experiments,” 3 and has 
been called Independent Radiant Transfer, or IRT. Basically, it is the percent- 
age of the source energy which is directly absorbed by the ceiling, substantially 
independent of normal variations of ceiling temperature but dependent on the 
ceiling absorptivity for radiation from the source which, in this case, is a fila- 
ment at approximately 4840 F. An approximate table of values of IRT for 
various types of lighting systems is shown in Table 1. The test method used 
in obtaining these data was such that radiation to the ceiling from hot surfaces 
of the lamp or fixture is included in the IRT. 
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Taste 1. Percent INDEPENDENT RADIANT TRANSFER (IRT) 


Four Tube Fluorescent Fixture.................0.0:cccc00 12 21 
Single Tube Fluorescent Fixture.................ccccee 2 10 


a Sherwin Williams No. 22125—White Zinc Oxide b Sherwin Williams No. H-3079 


The distribution of energy in fluorescent and filament lamps is shown in 
Table 2. If a large component of radiation is directed downward toward sur- 
faces of high absorptivity, there will be an important effect due to radiation, 
even though the IRT to the ceiling approaches zero. 

For the solution of the problem on the analogue, quantitative information is 
required as follows: 

Total radiation from source—manufacturer’s data. 

Radiation absorption in the luminaire—estimated at 10 percent of lamp input. 

Radiation absorption due to CO and water vapor—estimated as 10 percent?. 
Values of IRT—test data? 3, Thus, for the silvered bowl lamp, the total radiant 
energy ultimately absorbed by the room surfaces is: 


(84.6% — 10%) X 90% = 67.1% 


By test, 20 percent of total source energy is absorbed by the ceiling (IRT). By 
difference, 47.1 percent is absorbed by floor and 100 — 67.1 = 32.9 percent 
transferred to room air. 

To maintain constant room air temperature, the cooling required by the air 
supply at any time is the sum of A+ C+D, Fig. 4. Since C and D depend 
on surface temperature, it is necessary to follow the thermal distribution in the 
slabs. 

The analysis of the problem, as diagrammed in Fig. 4, is novel in that from 
a known, experimentally determined source energy distribution, the resulting 
temperature distribution in air and structure is determined as a function of time. 

Even with this simplifying approach, a strictly mathematical solution would 
be difficult and laborious, involving simultaneous differential equations, definitely 
a task not to be lightly undertaken, if at all. 


TABLE 2. DISTRIBUTION OF ENERGY FOR FLUORESCENT AND FILAMENT LAMPS 


FLUORESCENT FLUORESCENT 
D1REcT-SINGLE | SEMI-INDIRECT FILAMENT 
TuBE— 4 TuBE— 300 WatTTs 
40 WaTTs 40 Watts 
EES eee 8.2 Watts | 32.8 Watts 38.4 Watts 
Mfgr’s Data Infrared & Ultraviolet........ 10.6 Watts | 42.4 Watts | 215.4 Watts 
| Conduction & Convection..| 21.2 Watts | 84.8 Watts 46.2 Watts 
Measurement—Auniliaries................0..0000..00000. 15.5 Watts | 31.0 Watts 
55.5 Watts |191.0 Watts | 300.0 Watts 
82+ 106... 328+424 4.38.4 + 215.4 _ 
Percent Radiation......... 55.5 = 33.9 191.0 = 39.3 —* 84.6 
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THERMAL AND Liguip EQUIVALENCE 


For liquids in laminar flow within a tube (Reynolds number less than 2000) 
and for unit time, Volume — Conductance Head. For approximate values of 
heat transfer by convection, Heat Transfer — Conductance < At, and for low 
temperature radiation, where At is small, Heat Transfer a Constant < At. 
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DISTANCE BENEATH FLOOR SURFACE-INCHES 


Fic. 3. TEMPERATURE DISTRIBUTION IN FLOOR AND CEILING FOR 
CONDITIONS OF PROBLEM B 


Thermal storage graphically,* and by analogy, electrically,5 and hydraulically,® 
has been represented by considering the solid as divided into layers of thickness 
determined by the required accuracy. 

In the hydraulic analogue, each layer is represented by a vertical tube cor- 
responding to thermal capacity and a submerged tube corresponding to conduct- 
ance. Conductance of the layer may be considered as lumped before or after 
storage, or divided one-half before and after. 

A wall can then be represented as in Fig. 5. 

The problem statement shown in Fig. 4 implies that the radiation from the 
lamp to and absorbed by the ceiling, and that reflected to and absorbed by the 
floor, are substantially independent of ceiling and floor surface temperatures. 
They could be represented by liquid flow from a positive displacement pump, 
but sufficient accuracy is obtained by substituting the following more con- 
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venient method. Liquid is forced through a calibrated restriction with an 
initial pressure high enough to minimize flow variations due to the expected 
variations in head occurring in the storage tubes of the analogue. 

The air supply in weight or volume can be simulated by a conductance 
arranged to bleed liquid from the system. The supply air temperature can be 
simulated by the level at which this conductance is allowed to discharge, as: 


For unit time, for liquid: Volume = Conductance X A head 
For unit time, for heat transfer: Thermal units = Conductance X At 
Weight of air =a Constant X Conductance. 


The model for the selected test is shown diagrammatically in Fig. 6. Photo- 
graphs of the analogue, as constructed, are presented in Figs. 7, 8 and 9. 

The ceiling and floor are represented by half thickness as, by symmetry, in 
a multi-story building, conditions at their mid-points are the same. They are 
therefore connected by a tube (V) representing the sum of one-half conductance 
of the innermost ceiling and floor laminations. 


For this problem: 


1 Btu = ¥ cu in. 
1 F deg =1 in. head 
1 hour =1 min 


Unit Area = 1 sq ft of floor surface 


OPERATION OF APPARATUS 


The liquid at the start is at the sa1i> level in the vertical tubes representing 
structure and room air. There is a supply of liquid in the storage tank D Fig. 
6 and the air pressure in the storage tank is adjusted to provide the design flow 
through the restrictors M, N and O. Taps P are provided for calibration of the 
restrictors and are closed for the run. The electrically operated valves I and 5 
are opened and the clock is started simultaneously. Readings of all levels follow 
at 1 minute (equivalent to 1 hour) intervals. 

The procedure for Problem B differed from Problem A only in that the 
conductance 6, Fig. 6, was replaced by a manually operated valve which was 
used to keep the liquid level in the air tube at constant height. The effluent was 
caught in a beaker resting on a balance and was weighed at suitable intervals. 

Data for the design and calibration are presented in the Appendix. 


DIscussIOoN 


For the problem chosen, the stress was placed on radiation from a high tem- 
perature source. Radiation for which small temperature changes are significant 
(low temperature radiation) appears only as a secondary effect in the form of 
radiation between ceiling and floor. Actually, most loads in a cooling system 
have a radiant component, whether they be a wall warmer or cooler than the 
surfaces seen, a person, or a source of illumination—solar or artificial. 

Wherever the transfer of radiant energy occurs within a real enclosure, the 
justification for the use of a combined surface conductance coefficient, convec- 
tion plus radiation, is open to serious question. 

For the simple case of a wall somewhat warmer than the surface it sees, the 
combined coefficient cannot be used to express the thermal gain of the air. Since 


= 


VIEW OF LEFT END OF ANALOGUE 
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the air is substantially transparent to radiation, it is necessary that the radiant 
energy be absorbed by a surface, and thermal storage must result until complete 
equilibrium is reached. The time factor in approaching equilibrium is of engi- 
neering significance. Even though the temperature changes in the walls seen 
are small, the effect of thermal storage may still be proportionately large. 

In calculating the actual work required of a space cooling system at any 
instant, it would appear advisable to consider separately convection, radiation, 
conduction, and thermal storage. 

Consideration of the mechanism of thermal storage in this type of problem 
indicates that in recooling the structure the heat transfer is primarily that of 
convection only and the rate of cooling is relatively slow as compared with the 
rate of heating where radiation effects are predominant. 


CoNCLUSION 


The analogue has proved useful in analyzing and predicting the actual func- 
tioning of space cooling systems. 

Typical of the problems being investigated, but not reported here, is that of 
the effect of design temperature difference, supply air to room air, for three 
differently loaded rooms in the same zone. The supply air temperature is 
thermostatically controlled for the normally loaded room and the deviation of 
room air temperature noted for rooms 50 percent and 150 percent loaded. 
Results are obtained simulating five successive days of use with a predetermined 
period of precooling or after-cooling. Results are obtained for various percent- 
ages of radiation. from the source. 

Other problems include the effect of permitting a planned temperature rise in 
room air, the effect of walls, the determination of optimum methods and periods 
of precooling, the behavior of panel cooling systems, and control requirements 
for systems where time or load changes are a factor. 
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APPENDIX 


For the portion of this analogue which represents thermal diffusion, the design 
is similar to that used for the Hydrocal® of A. D. Moore, who used water as the 
working liquid. In his apparatus the low viscosity of water necessitated the use 
of fine bore tubes. The relatively large change of viscosity of water with tempera- 
ture made advisable a constant temperature bath for the conductance tubes. Mr. 
Moore’s admirable candor in describing the difficulties in development (principally 
those due to algae and corrosion) plus subsequent chemical discoveries enabled the 
author to proceed to the final design without any serious complication. 


Liquid 


For this analogue, the selection of a silicone liquid (Dow-Corning Corp. DC20) 
of 20 centistokes kinematic viscosity permitted a Reynolds number of a proxi- 
mately 60 while utilizing a minimum tube diameter of 4 in. O.D., maximum diameter 
% in. O.D., wall thickness 0.032 in. The change of viscosity with temperatures is 
less than for water and within the required accuracy of these experiments a water 
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bath for conductances was not required. The flow correction is 1.2 percent per 
Fahrenheit degree by test. The silicone used has shown no signs of supporting the 
growth of algae or causing corrosion in the glass, copper, and steel apparatus. 
Conductors 


The required length of coiled tubing representing conductances could readily be 
approximated. 

Each conductance, completely assembled with elbows, was calibrated with the 
apparatus shown in Fig. 10 
Storage Tubes 


The vertical glass tubes used to represent storage were calibrated for actual bore. 
The tubes representing the thermal storage were selected to simulate smaller layers 


UOUID RESERVOIR 


GLASS TUBE 


GRADUATE 


NEEQLE VALVE CONSTANT 
LEVEL CONTROL 


Fic. 10. AppaARATUS FOR CALIBRATING CONDUCTANCES 


near the surface in order to accentuate the temperature gradient. They were mounted 
on the pipe support with a clamp in order to permit adjustment of capacity by tilting. 


Joints 


Mastic joints between the glass and copper did not prove dependable and were, 
in part, replaced with successive layers of rubber tubing. 

Cement was not used on threaded joints. Where difficulty was encountered, the 
pipe thread was wrapped with cotton thread. 


Check of Thermal Diffusion 


The floor and ceiling sections were checked as a whole by disconnecting them 
from the apparatus and solving a problem in which a 5 deg temperature head was 
constantly imposed on the ceiling surface, while a measurement was made of the 
time required for a 3 deg rise at the floor surface. This time was compared with 
the calculated time by means of values obtained from a Gurney-Lurie chart.7 The 
calculated and measured values were in agreement within an error of 5 percent. 
The deviation was substantially constant but no correction was made as the values of 
thermal capacity and conductance for cinder concrete would show larger variation. 


i 
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Restrictors 


In designing restrictors M, N and O (Fig. 6) which must maintain proportional 
flow for a wide range of pressures, it was found that the flow for the floor and to 
the air could be controlled by a needle valve and still yield an approximate first 
power (1.02) relation of flow to differential pressure. When the flow to the ceiling 
was limited to 10 percent, a needle valve did not provide proportionality but a 
flattened %g@ in. tube, approximately 20 in. in length, as shown at N (Fig. 6) and 
in the photograph, Fig. 8, proved satisfactory. 

A fine sirainer was inserted just before the electric valve in order to protect 
the small openings in the restrictor tubes. 


Cleaning 


A catch pan was installed beneath the model in order to recover any silicone 
which was spilled in manipulating the apparatus. In scraping from the pan, it 
accumulated some dirt and acquired a straw color. Clarification was readily effected 
by filtering through charcoal. 


Air 

Air elimination offered surprisingly little difficulty. It was found that by applying 
the lips to each tube in turn, and blowing until the liquid was in the bottom of the 
tube, the liquid could be accelerated in the conductance tubing to the point where 


the air was pushed on to the next vertical tube. After initial elimination, there is 
no sign of air unless the model is emptied. 
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DISCUSSION 


J. F. Stone, New York, N. Y. (Written): The Analogue described by Mr. 
Leopold does not depart in principle from the one devised by Prof. A. D. Moore, 
University of Michigan, but it is interesting to see the practical inventiveness of 
the engineer in varying the construction and operation to eliminate the difficulties 
which caused difficulties for Professor Moore. 

It may be suggested that the analogue is not as flexible 4s would be desirable 
if an engineering organization expects to study a considerable number of problems 
which present significant variations. It is true that the preparation and calibra- 
tion of the required conductance tubes will take some time, but once prepared and 
with the characteristics recorded, it will be found that a moderate number will handle 
a large range of problems. The variations of unit heat conductance, and to lesser 
degree heat capacity of building materials and insulants, are such that extremely 
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accurate refinements in calculation or measurements bring to mind the cub surveyor 
who paced off a field and reported its area to tenths of a square yard. 

Neither is the time required to prepare the flow restrictors which represent con- 
ductances a valid argument for substitution of paper and pencil. The calculator is 
faced with the same variations in properties of materials and the consequent intro- 
duction of uncertainties. What is worse, to most of us who have been out of 
school for some considerable time, the actual difficulty of correct mathematical mani- 
pulation is such that, as Mr. Leopold says “it is definitely a task not to be lightly 
undertaken, if at all.” We have to deal with two major factors multiplied by the 
number of materials present in the contemplated structures, namely resistance to 
heat flow and thermal storage effect. The minatory appearance of these parameters 
in the Fourier differential equation for heat flow, 


(eT, 
at ec dy? az? 


where, 
T = temperature 
t = time 


is not lessened by the knowledge that p, density, and c, specific heat, as well as k, 
the conductivity, are likely to be known only within 10 percent. 

The very interesting and significant results secured by Mr. Leopold with his 
machine seem to this reviewer all the proof needed that the Analogue, in competent 
hands, is a tool of high utility. 


F. C. Woop, York, Pa. (Written): Mr. Leopold in this excellent paper progresses 
another step in his fundamental research into the mechanism of structure heat 
transfer. His ingenious hydraulic analogue brings to light results on the effects of 
heat storage phenomena that are somewhat startling and, judging from the answers 
obtained, of truly important engineering significance. 

It is questionable whether many in the industry have appreciated the true magni- 
tude of heat storage effects. The very considerable time lag that occurs before 
a substantial percentage of the heat given off by source loads, having large radiant 
components, appears as an apparatus load. Conventional load calculation practice 
is and has been ultra-conservative, judging from the graphed results of these experi- 
ments. Fig. 2; Problem B of the paper shows that with air supply and temperature 
controlled to hold constant room temperature, the load removed by the air supply 
after 8 hr operation (normal daily building occupancy period) is predicted at barely 
70 percent of the constant source load, and rises to only 76 percent even after 14 
hr operation. The theory supports the premise that the air supply load removal 
curve will become asymptotic to the constant room load curve (as long as a floor 
to ceiling radiation component exists). Judging from the gradual slope of the former, 
it would appear that even doubling the span to 28 hr operation would still result 
in no more than about 85 percent air supply load removal. 

Subtracting the lamp convective load component A, Fig. 3, (32.9 percent of the 
total source energy, which may be assumed to be absorbed practically instantaneously 
by the air supply) the true lag due to thermal storage and conduction in cooling 
apparatus absorption is found to be 67.1 percent lamp radiant load component. For 
example, Fig. 2, Problem B shows the air supply load absorption after 8 hr opera- 
tion to be 68 percent of the total heat gain from the source. After deducting the 
32.9 percent direct lamp convective load, the remaining 35.1 percent represents the 
cooling nn of the lamp radiant load after 8 hr of operation. This is 

35.1 


seen to be only —— = §2 percent. After 14 hr, the apparatus still has absorbed only 
67.1 


64 percent of the radiant heat gain component. If these represent true occurrences, 
how fallacious has been the concept of calculating such gains as instantaneous cool- 
ing apparatus loads! 

It is to be hoped that out of experiments of this nature, extended to observance 
of the effects on cooling load of other sources of radiant energy, particularly solar 
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radiation, will come authentic design factors that compensate for thermal storage 
and convective heat exchange la,* and result in reduced calculated cooling apparatus 
loads. Such permissible design tatitude would be particularly advantageous today 
in the light of modern trends to heavy light wattage densities and large window 
glass exposures. Frequently these effects increase seriously the air supply densities 
—to plague the designer with air distribution problems, with increased air cycle 
first costs and space requirements. 

Also, true recognition of the effects of thermal storage of radiant energy received 
by the room surfaces would indicate, possibly, that zoning need not be as extensively 
employed as has heretofore been customary in quality installations. In this connec- 
tion, the results of the author’s current investigations of room temperature varia- 
tions in three unequally loaded rooms in the same zone served with constant supply 
air temperature should be of considerable interest. 

The work that the author is carrying on as reported in this paper and in others 
on panel cooling}, is unquestionably of noteworthy engineering significance to the 
industry. His concepts are original and even revolutionary by past standards, yet 
appear practical from an application standpoint and as such represent a definite con- 
tribution to the advancement of the art. The possibilities of panel cooling, in combi- 
nation with panel heating, offering the highest quality in air conditioning for com- 
fort appear to warrant the most extensive research of the subject within the industry, 
with the objective of establishing authentic, readily usable application design data 
and standards. The lack of such information at present severely handicaps the appli- 
cation generally of this type of system. 


W. L. McGratu, Syracuse, N. Y.: Mr. Leopold’s paper comes to us at a very 
opportune time and it is hoped that it will prompt more serious study of the problems 
of heat storage as they affect cooling load calculations. It is to be suspected that 
in the past engineers have been reluctant to deal with these storage effects because 
of the complexity of the calculations involved. Mr. Leopold now offers us a simple 
and direct means of getting the answers. 

As to the significance of these storage effects, it is my belief that they represent 
the greatest single item in the normal cooling load calculation. Not limited to 
large structures, storage effects apply to installations of all sizes down to and 
including the % ton room coolers. We have found as much as 100 percent dis- 
crepancy between actual peak cooling requirements and those indicated by hand- 
book calculations. To be sure, there are many compensating errors involved in 
the normal calculation, such as the conventional 80 F inside design temperature— 
an unrealistic level. 

There are a number of lines of investigation of storage effect that should be pur- 
sued by the proper committees of this Society. I note that Mr. Leopold anticipated 
most of them. Some of these are: 


1. Effect of storage on system design and capacity requirements with some of the variables being: 
building materials and construction, furnishings, operating hours, type of load source, and use of 
deliberate pre-cooling. 

2. Effect of thermal storage on temperature control results and requirements. 

3. The economics of various operating practices and schedules as influenced by thermal storage. 

4. Pick-up rates for large heating systems (such as churches and auditoriums). 


I have a few specific questions and comments as follows: 


1. I believe it important to point out that the hydraulic analogue proposed by Mr. Leopold differs 
fundamentally from other methods of solution in that heat flow rates are read directly rather than 
by the determination of temperature gradients and estimation by differences. 

2. I would like Mr. Leopold to explain why the accent is placed on ceiling absorption in his 
IRT concept. It would appear that reflection or reradiation would still result in the total radiant 
energy being absorbed by the building structure. 

3. Will Mr. Leopold explain how the apparatus is used in the case of a non-homogeneous floor 
such as a pan construction with furred ceiling, as is normally encountered in practice? 


+ The Mechanism of Heat Transfer, Panel Cooling, Heat Storage, by C. S. Leopold. (Refrigerating 
Engineering, Part I, July 1947, p. 33, and Part I. June, 1948, p. 571.) 
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C. O. Mackey, Syracuse, N. Y.: The author has given an interesting paper on 
the use of the hydraulic analogue in solving problems of unsteady heat flow where 
the storage of heat is important. The usefulness of the paper might be improved 
by supplying some additional quantitative information as follows: the thermal con- 
ductivity and thermal diffusivity of the cinder concrete; the value of equivalent film 
coefficient of heat transfer for radiant exchange between floor and ceiling; the film 
coefficients of heat transfer for the floor surface and the ceiling surface. 

As a comparison with the results for Problem B, where the air temperature is 
held constant at 75 F, I have solved the problem by means of what is sometimes 
called the Schmidt method; i.e., solving the diffierential equations for unsteady heat 
flow by using finite thicknesses of portions of the floor slab. The following assump- 
tions were made: 


1. Floor slab divided into six sections (the greater the number of such sections used in this 
method or with the analogue, the greater is the accuracy of the results). 

2. Thermal conductivity of cinder concrete of 0.41 Btu per (hr) (sq ft) (F deg per ft) and 
thermal diffusivity of 0.02 sq ft per hr. 

3. Equivalent film coefficient of heat transfer for radiant exchange between floor and ceiling of 
1.0 Btu per (hr) (sq ft) (F deg). 

4. Film coefficient of heat transfer from floor surface to air of 1.5 Btu per (hr) (sq ft) (F deg). 

5. Film coefficient of heat transfer from ceiling surface to air of 0.25 Btu per (hr )(sq ft) (F deg). 

6. Negligible storage of heat in room air. 


Results of this calculation are shown in the accompanying table. 


w 
| | RATIO OF 


TIME AFTER PERATURE OF var or Loap | 
hr F F Btu (hr) sq ft) — 
0 73.0 | 75.0 0 
1 77.0 76.3 5.16 0.445 
2 77.5 76.7 5.49 | 0.472 
3 77.8 77.1 5.75 0.496 
+4 78.2 | 77.4 6.00 0.516 
5 78.5 777 6.24 0.536 
6 78.8 78.0 6.47 0.557 
7 79.0 78.3 6.68 0.575 
8 


| & 


_ These results confirm the results obtained by the analogue and show the slow 
rise of temperature of the floor and ceiling surface and the slow increase in cool- 
ing load with time. 

By means of specific examples, Mr. Leopold has called the attention of engi- 
neers to a blind spot in our methods of estimating cooling loads. 


G. V. Parmetee, Cleveland, Ohio: This paper describes a very useful tool in 
evaluating the thermal storage aspects in air conditioning rooms. A particular 
problem, that of the effects of an internal lighting load, has been solved with its 
aid. The results show that the load put upon the cooling system to maintain a 
given room air temperature is considerably less than the applied. A similar result 
would be observed with any load that has a radiation component, such as solar 
energy transmitted through windows. In such a case not only does the intensity 
of the solar irradiation vary with time but also the area of the floor so irradiated 
varies with time. Can the apparatus be operated to determine the effects of such 
conditions ? 

It should be pointed out that the results obtained with this apparatus or any other 
system are no better than the constants or boundary conditions which must be 
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built into the apparatus. These may vary over a wide range and there is still much 
uncertainty connected with many of them. 


AvutHor’s Ciosure: Professor Mackey inquired about the value of the constants 
used in setting up the model. They are as follows: 


Cinder concrete: Density 105 per cu ft, Specific Heat, 0.18 Btu per (Ib) (F deg), Conductivity, 
4.9 Btu per (hr) (sq ft) (F deg per in.) 

Radiation, floor to ceiling 1 Btu per (sq ft) (hr) (F deg) 

Convection upward = 0.96 Btu per (sq ft) (hr) (F deg) 

Convection downward = 0.38 Btu per (sq ft) (hr) (F deg). 


The latter two constants are in accordance with the Wilkes data, which were 
justifiably used in the preceding papers on panel cooling, as the air temperature was 
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Fic. A. FREE CONVECTION VALUES FOR HORIZONTAL 
PLATES AS OBTAINED FROM VARIOUS SOURCES 


measured approximately 2 in. from the surface. They may be somewhat high in 
this case since the air temperature was simulated as if at the breathing level. Dis- 
crepancy in the available convection data is shown in Fig. A.* The use of high 
values of convection tends to reduce the effect of storage and thereby increase the 
room air load, and since there is some doubt, high values were selected in order 
to provide the conservative approach. It will be noted that the room load, as calcu- 
lated by Professor Mackey, was lower than that shown by the analogue. 

Mr. McGrath asks why the accent is placed on IRT, as in any event all radia- 
tion will ultimately be absorbed. IRT has been emphasized because there is a con- 
siderable difference in the method and amount of storage, depending on the propor- 
tions of the radiant energy absorbed in the floor and ceiling. 

He also asked whether there is much difficulty in representing non-homogeneous 
structure. For structures without air gaps, there is substantially no difficulty. For 


*The Mechanism of Heat Transfer, Panel Cooling, Heat Storage, by C. &. Leopold, Refrigerating 
Engineering, July, 1947, p. 33. 
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a structure such as a furrce’ ceiling, representation must be made for radiation and 
convection across the air gap. Within the accuracy contemplated, this is a 
simple problem. 

Mr. Parmelee raises the question of the use of the analogue in problems involv- 
ing solar energy. The solution is quite simple for heat impinging on a wall or 
roof. In case of solar energy transmitted by glass, particularly where shading 
devices are used, the use of the analogue is possible but considerably more difficult. 
An experimental attack on this problem, with an artificial sun, is outlined in 
Reference 3. These data could be of use in constructing an analogue. 

Referring to Mr. Stone’s comment, the principal departure of this analogue irom 
those previously used is the concept of applying a known distribution of energy and 
solving for temperature distribution, as compared with the method of applying a 
known temperature distribution and calculating the resulting energy flow. 
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SOLAR AND TOTAL HEAT GAIN THROUGH 
DOUBLE FLAT GLASS 


By GrorceE V. PARMELEE* AND WARREN W. AUBELE**, CLEVELAND, OHIO 


This papgr is the result of research carried on by the AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio 


INTRODUCTION 


HIS paper presents results of studies of solar heat gain through flat glass 
and is essentially a second progress report of an investigation being carried 
on under the direction of the Committee on Research and the Technical 
Advisory Committee on Glass}. The data deal primarily with the transmit- 
tances of various combinations of two sheets of glass, unshaded and spaced 
Y in. apart. Data are also presented on rates of heat transfer from the indoor 
sheet of glass to the calorimeter apparatus which has been used in these studies. 

An earlier paper! described the apparatus and methods of conducting the 
tests. Data were presented for several types of single glass and showed the 
relationship between angle of the incident ray of sunlight and transmittance. 
Values of diffuse solar radiation transmittance were also given. The effect of 
the type of glass on total heat gain was illustrated and the significance 
of solar energy distribution was pointed out. 

The results which appear in this paper are subject to the following limita- 
tions : 


‘1. Uncertainty regarding the exact energy distribution of the direct and diffuse 
solar radiation, and 


2. Incomplete data regarding the heat transfer processes which take place at the 
outdoor surface of the window. 


* Research fellow, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

** Assistant research engineer, A.S.H.V.E. Research Laboratory. 

+ Committee Personnel: R. A. Miller, Chairman; A. B. Algren, F. L. Bishop, Jr., J. E. Frazier, 
J. S. Herbert, E. H. Hobbie, L. K. Jones, C. O. Mackey, F. W. Preston, W. C. Randall, Vic 
Sanders, H. B. Vincent, G. B. Watkins, F. C. Wood. 

1 Exponent numerals refer to Bibliography. 

Presented at the Semi-Annual Meeting of the American Society or Heatinc AaND VENTILATING 
Ewnornrers, Bretton Woods, N. H., June 1948. 
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Research is in progress to seek answers to these problems as well as to study 
other phases of heat gain through windows and glass block panels. Therefore, 
no attempt has been made to present a complete interpretation of the test data. 


Fic. 1. CLOSE UP VIEW OF CALORIMETER IN LOCATION 
FOR TEST 


APPARATUS 


The Calorimeter 


A detailed description of the calorimeter apparatus has already been given 
in a previous report! ard will not be repeated here. Fig. 1 shows some features 
of the apparatus, which consists primarily of a calorimeter fastened to the rear 
side of a window frame which can be rotated to any point of the compass and 
tilted through 90 deg. The calorimeter is heavily insulated and consists of a 
blackened sheet aluminum shell to which is brazed a grid of tubes. A mixture 
of ethylene-glycol and water is circulated through these tubes. The glass sheets 
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are installed in a clear opening 44% in. square. Although the outer sheet of 
glass in the double glass installation is flush with the front face of the window 
frame, the inner sheet is shaded by virtue of its set-back to an extent dependent 
upon the incident angle, the solar altitude and the spacing of the two sheets. 

The apparatus is used in two ways. Fixed angle tests are conducted by setting 
the sun sight shown in the upper left of Fig. 1 at the desired angle and rotating 
and tilting the apparatus so that the sun’s rays always pass through the tube. 
Other tests are run with the glass vertical and in a fixed position. In such 
instances the sun sight is used to measure the incident angle. 


Instrumentation 


Thermocouples are used to measure the following temperatures: calorimeter 
surface (ten points), calorimeter air (four points), glass surfaces (four to 
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Fic. 2. SOURCES OF SOLAR RADIATION 


eight points), and outdoor air. The temperature rise of the coolant is measured 
by a multi-junction thermopile which is connected to five points of a sixteen- 
point recording potentiometer. The actual coolant temperature, both inlet and 
outlet, is measured by separate thermocouples. 

The flow rate of the coolant is measured by calibrated thin plate orifices and 
a mercury manometer. 

Measurements of total solar irradiation are made by Eppley thermo-electric 
pyrheliometers. At least one is mounted on the face of the window frame (see 
Fig. 1). A second is mounted on a horizontal plane on the weather instru- 
ment tower. These instruments are connected to the recording potentiometer. 
By locally shading the thermo-electric element, measurements of diffuse solar 
radiation are also made. The difference between the total and diffuse radia- 
tion is the direct or beamed radiation. 

In addition to these measurements, the wind velocity and direction and the 
sky condition are noted. Wet and dry bulb temperatures of the air are also 
obtained. 
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Significant terms in this report are defined as follows: 


Jp 


Direct normal solar radiation. Jpn 


Direct solar 


Diffuse solar radiation... .,.........Jd 


Total incident solar radiation....J; 


ba 
Angle of 
Atmospheric transmittance....... ta 
Je 
Transmitted solar energy..........J- 
a 
Absorption characteristic........ KL 
Fresnel reflectance.......... 


Solar Heat Gain 


The solar energy which strikes a window or glass block panel comes prin- 
cipally from the direct rays of the sun. Significant amounts, 


DEFINITIONS 


= radiation from the sun in a beam of parallel rays. 


radiation from the sun measured on a plane normal 
to the sun’s rays. 

solar radiation received from the sky by reason of 
the sun’s rays being scattered and reflected by the 
atmospheric constituents; also refers to solar 
radiation reflected diffusely from ground objects. 


direct plus diffuse solar radiation measured in the 
plane of a window. 


the angular position of the sun above the horizon. 


relative path length of the sun’s rays through the 
atmosphere; for example, air mass 2 means that the 
sun’s position is such that its path length is double 
that when it is directly overhead. 


angle between the sun’s rays and a perpendicular 
to the window. 


the direct normal solar radiation at the earth's 
surface divided by the solar constant. 


the intensity of solar radiation on a plane perpen- 
dicular to the rays outside the earth’s atmosphere. 


that portion of the incident solar radiation which 
passes directly through glass as radiation and which 
has the same wave length spectrum as the incident 
radiation. 


the property of glass for allowing solar radiation te 
pass through expressed as a percentage or a fraction. 
Subscripts p, d,n, and 7 refer to this property for 
direct, diffuse, normally incident, and total 
radiation. 


the property of glass for reflecting solar energy 
expressed as a percentage or a fraction. Subscripts 
p, d, n, and rrefer to this property for direct, diffuse, 
normally incident, and total radiation. 


the property of glass for absorbing solar energy 
expressed as a percentage or a fraction. Subscripts 
p, d, n, and 7 refer to this property for direct, diffuse, 
normally incident, and total radiation. 


a dimensionless property of glass, where K is the 
absorption coefficient in units per inch, and L is 
glass thickness in inches. 


the reflectance at a single glass-air interface 
(note: this depends upon the plane of polarization 
andé) 


CoMPUTATIONS 


usually in the form 
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of diffusely reflected radiation, may, however, come from other sources. Fig. 2 
illustrates common sources. The figure also gives approximate ranges of 
intensity of the radiation from the sun and the sky as well as the breadth of 
the spectral bands in which the energy from these two sources is concentrated. 


The solar energy which is transmitted by glass from all sources equals the 
incident radiation minus that absorbed minus that reflected. Expressed in 
equation form, 


where 


Jy = total incident radiation, Btu per (hr) (sq ft). 
a, e, t = absorptance, reflectance, and transmittance for the total incident radiation 


Most of that which is transmitted through the glass is absorbed by the indoor 
surfaces of the enclosure. Some radiation may be reflected back through a win- 
dow by shades or other reflecting surfaces. 

That portion of the incident solar radiation which is absorbed by the glass 
results in a rise in temperature of the glass. At any instant part of this is 
stored and the rest is dissipated by convection and radiation from the indoor 
and outdoor surfaces. In equation form this heat balance is: 


Jrar = ho (tgo — toe) + Ro + hi (tgi (2) 
where 


ko, hi = the outdoor and indoor convection coefficients, Btu per (hr) (sq ft) 
(F deg). 

tgs, tgi = the outdoor and indoor glass surface temperatures. 

to, i = the outdoor and indoor air temperatures. 

Ro, Ri = the outdoor and indoor net radiation exchanges between the outdoor and 
indoor glass surfaces and their respective surroundings, Btu per (hr) 
sq ft). 

S = the rate of heat storage in the glass, Btu per (hr) (sq ft). 


Fig. 3 illustrates these heat transfer a i’ exchange processes. Although glass 
is selectively transparent to radiation between wave lengths of about 0.3 and 
4.75 microns, beyond this point it is opaque and behaves approximately as a 
black body to radiation from objects at temperatures up to several hundred 
Fahrenheit degrees. The figure illustrates the complex nature of the radiant 
heat exchange between an outdoor glass surface and ground objects, clouds, and 
the atmosphere. The last selectively absorbs and emits in wave length bands 
approximately as indicated. The radiation exchange on the indoor side may be 
equally complex. 

From test data obtained by means of the calorimeter apparatus the follow- 
ing quantities are determined: 


1. Heat gain by the coolant (by integration of the potentiometer record) 


2. Heat transferred by radiation and convection to the inner surface of the inner 
glass from the calorimeter (computed) 


3. Heat lost through the calorimeter insulation (determined by calibration) 


a 
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4. Heat lost through the edge or corner block holding the glass (determined 
by calibration) 


5. Heat stored in the calorimeter shell by virtue of a rise in its temperature 
(computed ) 


The total transmitted solar energy, Jyt7,is determined by finding the alge- 
braic sum, q,, of these quantities. Thus: 


Transmittances 


The transmittance of the glass for diffuse solar radiation, rg, is found by 
orienting the calorimeter apparatus so that no direct sunlight strikes the glass. 
The transmittance is then: 


td = 9s/Ja 
where 
qs = transmitted selar radia, .»., Btu per (hr) (sq ft) gained by the calorimeter 


and computed as just outlined. 


Ja = incident diffuse radiation, Btu per (hr) (sq ft) computed from the 
integrated record of the pyrheliometer emf. 


The diffuse transmittance may also be found, as described later, by means of 
the Eppley pyrheliometer. 

The transmittance of direct radiation, rp, is found by exposing the window 
to direct sunlight at the desired angle and is 


ep = _ — Java 
Jr — Ja 


where 


Jy = total incident radiation, Btu per (hr) (sq ft) computed from the integrated 
record of the pyrheliometer emf. 


Jp = incident direct radiation, Btu per (hr) (sq ft). 


The direct radiation must in sorme cases be modified to take into account 
partial shading of the inner sheet. Partial shading from diffuse solar radiation 
is considered negligible in this installation. 

It should be noted that the transmitted solar radiation does not include that 
part of the solar heat absorbed by the glass which passes to the calorimeter by 
radiation and convection. Nor does it include heat flow due to differences 
between the indoor and outdoor temperatures. These two quantities appear 
together as A, (t,, — + are referred to as heat flow from glass to calo- 
rimeter, and may be either positive or negativ~. 


REsULTS OBTAINED 
Spectral Transmittance Characteristics 


The spectral transmittance curves of the glasses for which data are given 
in this paper and for which data have been given previously are shown in Figs. 
4 and 5. This information was obtained by spectrophotometer tests of samples 
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taken from the same sheet from which the full-sized samples were taken. 
Glasses Nos. 1, 2, 6, and 10 are % in. thick polished plate glass. Glass No. 3 
is a rolled wire glass polished on both sides and is 0.29 in. thick. Glass No. 9 
is a drawn double strength window glass 0.125 in. thick. Glasses 3, 6, and 10 
are commonly termed heat-absorbing. As shown by the curves, they absorb 
strongly in the infrared region (0.75 to co microns) without unduly reducing 
the transmittances in the visible region (0.40 to 0.75 microns). This property 
is produced by minute amounts of iron in the form of ferrous oxide. All glasses 
are relatively poor transmitters of ultraviolet radiation, but since the energy 
contained in this region (0.29 to 0.40 microns) is only about 5 percent of the 
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Fic. 3. CONVECTION HEAT TRANSFER AND RADIATION EXCHANGES 
AT GLASS SURFACES 


total energy it is not important from the standpoint of solar heat gain through 
glass. All of these glasses are classed as soda-lime-silica glasses. 


Transmittance From Calorimeter Tests 


Fig. 6 shows the transmittance of four combinations of two sheets of glass 
spaced % in. apart. These determinations were made by fixed angle tests in 
which the coolant was circulated through the calorimeter at a temperature 
which would result in the minimum difference between the indoor and outdoor 
temperatures. Under such a condition the corrections for heat gains or losses 
other than those due to directly transmitted solar radiation are at 4 minimum. 
There is, of course, a significant amount of heat transfer from the inner sur- 
face of the inner glass to the calorimeter if either sheet of glass absorbs appre- 
ciable amounts of solar radiation. This quantity is computed from the known 
temperatures of the glass and the calorimeter and from the heat transfer con- 
stants which have been separately determined for this apparatus. Because the 
inner sheet is partially shaded at high incident angles due to its set-back, appro- 
priate corrections have been applied. 
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The values given in the curves apply, therefore, to sheets of glass large 
enough so that the partial shading, which is inevitable with any multiple glass 
installation, can be considered insignificant. It should be noted that these values 
apply to direct radiation received from the sun and measured in a plane parallel 
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Fic. 4. SPECTRAL TRANSMITTANCE CURVES OF REGULAR 
AND HEAT ABSORBING GLASSES 


to the window. (For practical purposes it is sometimes convenient to use radia- 
tion intensities measured on a plane perpendicular to the sun’s rays and to 
multiply these values by the cosine of the incident angle.) 


Atmospheric conditions are known to affect transmittances because of their 
effect on solar energy distribution. 


It is, therefore, of interest to note the 
range of conditions under which the tests described here were conducted. 
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AND HEAT ABSORBING GLASSES 
TaBLeE 1. Test CONDITIONS FOR TRANSMITTANCES GIVEN IN Fic. 6 
So 
CoMBINATION Avrirupes Arr Mass | DEW 
No. 1 Inside—No. 1 Outside........ 15—45 1.4—3.8 40—55 0.25—0.50 
No. 1 Inside—No. 6 Outside........ 12—40 1.5—5.0 50—60 0.20—0.50 
No. 1 Inside—No. 10 Outside........ 8—30 2.0—6.0 25—30 0.05—0.45 
No. 9 Inside—No. 9 Outside........ 23—50 1.3—2.6 25—40 0.35—0.70 


a Of the atmosphere at ground level. 
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Transmittance Tests by Pyrheliometer 


In addition to tests made by means of the calorimeter, normal incidence tests 
have been made by means of the Smithsonian silver disk pyrheliometer on both 
single glass and various combinations of double glass. The method of testing 
has been described in a previous report!. Many tests have been made on single 
glass, particularly No. 1, but only a few have been made on double glass. 
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Fic. 6. TRANSMITTANCE OF DOUBLE GLASS 
FOR DIRECT SOLAR RADIATION 


Because the test method requires that the solar intensity be very steady, the 
number of satisfactory days that occur in a given period of time is rather lim- 
ited. The results appear in Table 2. 

The transmittances of various glasses for diffuse solar radiation have been 
measured by the Eppley pyrheliometer using four-foot square sheets. Because 
the transmittance of the cover glass of the Eppley pyrheliometer is somewhat 
altered when a sheet of glass is placed between it and the source of radiation, 
an allowance has been made for the partially polarized radiation which reaches 
it as a result of first passing through one or more sheets of glass being tested. 
The correction factor has been estimated at 0.99 for one sheet and 0.97 for two 
sheets. 
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The present state of knowledge concerning diffuse or sky radiation does not 
permit making allowance for two other factors in these tests. The first factor 
is that the diffuse radiation is known to be unequally polarized. This condition 
varies from point to point in the sky, reaching a maximum at about 90 deg 
from the sun. The second factor is that the diffuse radiation contains ultra- 
violet radiation to the extent of 15 to 20 percent on a very clear day. Coupled 
with this is the fact that the pyrheliometer cover glass does not transmit ultra- 
violet radiation nearly so well as it does infrared or visible radiation. The 
cover glass transmittance is therefore somewhat increased by virtue of the altera- 


TABLE 2, TRANSMITTANCE OF SEVERAL GLASSES FOR Direct NoRMAL AND FOR 
DirrusE SOLAR ENERGY AS DETERMINED BY PYRHELIOMETER TESTS 


NORMAL INCIDENCE TRANSMITTANCE Dirruse 
TRANSMITTANCE 

By Pyrheliometer Computed> MEASURED 
Single No. 0.87—0.92 0.91¢ 0.81—0.83 
Single No. 0.71—0.78 0.77 0.64—0.70 
Single No. 0.37—0.42 0.42 0.37—0.43 
Single No. 0.33—0.37 0.38 0.34—0.46 
No. 9 Inside—No. 9 Outside............. 0.78—0.79 0.84¢ 0.69—0.72 
No. 1 Inside—No. i 0.55—0.61 0.61 0.50—0.56 
No. 1 Inside—No. 6 Outside............ 0.29—0.33 0.35 0.21—0.25 
No. 1 Inside—No. 10 Outside............ 0.30—0.31 0.32 0.28—0.33 
No. 6 Inside—No. 6 Outside............ 0.22 0.24 
No. 10 Inside—No. 10 Outside............ 0.21—0.24 0.23 0.21—0.31 


b Based upon Moon’s® energy distribution for air mass =2; ordinates at 0.05 micron intervals. 
Over the range 0.30 to 1.00 microns. 


e¢No. 1, % in. regular plate glass; Nos. 6 and 10, % in. heat absorbing plate glass; No. 9, % 
in. drawn window glass. 


tion in energy distribution caused by interposing a sheet or sheets of glass 
between the instrument and the sky. The results obtained, subject to the limi- 
tations just mentioned, also appear in Table 2. 

It will be noted that a range of values has been assigned to both the direct 
normal and the diffuse transmittances for each glass. This has been done 
because transmittances are affected by variations in the energy distribution of 
the incident radiation due to atmospheric conditions. These tests are being con- 
tinued in order that relationships may be developed between transmittance and 
the various factors which affect energy distribution, namely, dust, dewpoint 
(water vapor content), and air mass (path length). 


Total Heat Gain 


In addition to the fixed angle tests which were made to measure transmit- 
tance and heat gain under substantially steady state conditions, tests have been 
made with the glass set vertical and maintained at a fixed orientation. In 
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these tests the effect of temperature difference between the indoors (the calo- 
rimeter) and the outdoors has been investigated. These tests also serve to 
bring out storage effects that might exist and show the influence of heat trans- 
fer conditions that regulate the dissipation of solar heat absorbed by the glass. 

From the various tests conducted two have been selected to compare two 
different combinations under approximately the same conditions. The results 
are shown in Figs. 7 and 8. Fig. 7 is for two sheets of glass No. 1 spaced 
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\% in. apart. There were no clouds of sufficient thickness to obscure the sun 
at any time, but shortly after the noon hour thin cirrus or cirro stratus clouds 
developed. This development was followed by a general hazy condition. The 
changeable nature of this atmospheric condition resulted in a somewhat ragged 
solar radiation curve. This is presented in Fig. 7 as smoothed curves of direct 
and total radiation. The diffuse radiation curve is also shown. Corrections not 
exceeding 3 Btu per (hr) (sq ft) have been made in the heat gain data 
wherever the calorimeter temperature was greater than or less than 15 deg 
below the outside air temperature. This correction is based upon an overall 
heat transfer coefficient U of 0.60, a value which night tests have shown to 
apply very closely to conditions existing in this test. Preliminary analysis of 
these data as well as a previously published theoretical study? indicates that 
small corrections for temperature differences can, without significant error, 
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be superimposed upon heat gain due to the combined effects of absorbed solar 
heat and temperature difference. 

The data of Fig. 8 have been similarly treated. On the date of test the sky 
was cloudless and considerably clearer than on September 18. However, because 
the solar altitude on the whole was lower (see Table 1), the solar intensities 
were also lower. 
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CALCULATED TRANSMITTANCES OF SINGLE AND DouBLE SHEETS 
The Absorption Characteristic KL 


It is of practical value to be able to predict the direct solar radiation trans- 
mittances of various glass combinations-in a double glass installation from a 
knowledge of the transmittances of the sheets taken separately. It is also of 
interest to be able to predict the effects of glass thickness on transmittance of 
either single or double glass. The problem would be greatly simplified were 
reflectances the only thing to be considered. However, because many glasses 
absorb solar radiation to a greater or lesser extent and because the absorption 
coefficient varies with the wave length of the radiation, the problem presents 
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some difficulties. To add to the difficulty the energy distribution in the solar 
spectrum varies with air mass, dust content, and water vapor content. 

In an A.S.H.V.E. Research Report? curves were presented to show how 
the transmittance of single and double sheets of glass varied with the angle 
of the incident ray and the absorption characteristic KL, where K is the 
absorption coefficient in units per inch and L is the glass thickness in inches. 
These curves are presented in modified forms as Figs. 9 and 10. The variable 
KL has been replaced by the transmittance for normally incident radiation. 
This relationship is expressed for single glass by Equation 6. 


where 


e = base of natural logarithms. 
tn = transmittance at normal incidence. 
g’ = fraction of the energy available after passage through the glass. 


The index of refraction has been taken as 1.526. The value K may also be 
derived experimentally from the equation, 


where 


J = the intensity of the radiant beam which passes through one surface of a 
sheet of glass to the second surface. 
Jo = intensity of the incident beam corrected for reflection at the first surface. 


It should be noted that r, and J/J, differ in that the former is the air-to-air 
transmittance and includes reflection losses at the glass-air interfaces. J/J, 
is the surface-to-surface transmittance. 


Transmittance Formulas 


It has been shown? that for any incident angle the transmittance 7, of 
single glass is expressed by the series, 


where 


r = the Fresnel reflectance (note: this must be computed for each plane of 
polarization and depends upon the incident pros 


g’ corrected for decreased path length due to refraction of the incident ray. 


g 


Summing the series, 


As a result of summing a similar series, the transmittance, 71,0, of two air 
spaced sheets of glass is expressed by the following equation: 


J 
(1—r)%g 
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where 


7, and te = transmittances of sheets 1 and 2. 


e1 and e2 = reflectances of sheets 1 and 2 computed by a method identical to that used 
to derive +. 


If pipe be neglected (at normal incidence pip2 is of the order of 0.5 per- 
cent), then the transmittance of, two sheets is approximately: 


Comparison of Equation 11 with Equation 6 suggests that for two sheets of 
glass the sum of the KL values of the individual sheets can be used as a con- 
venient means of determining transmittances of various combinations of glass 
in various thicknesses when the absorption coefficients are known, or: 


t1.2 = a function of (Kil, + Kel2) ....... (12) 


If r, or J and J, refer to the whole solar spectrum, then K (or KL) is an 
average value for the particular energy distribution associated with 7, or J 
and J,. On the other hand, if +, or J and J, refer to a definite wave length 
(monochromatic radiation), then K has a fixed value for radiation of that wave 
length. It is apparent that Figs. 9 and 10 and Equations 9 and 10 can be exact 
only for monochromatic radiation. 

Examples will now be given of the application of these curves. Assume that 
a sheet of glass % in. thick has, at a certain wave length, a normal incidence 
transmittance of 0.80. From Fig. 9, the KL value is 0.13. Its transmittances 
for radiation incident at 50 and 70 deg are respectively 0.75 and 0.60. If the 
thickness were doubled the KL value would become 0.26 and the transmittance 
at normal incidence would become 0.71. The transmittances at 50 and 70 deg 
would be 0.65 and 0.51. 

Now assume that two air-spaced sheets of the same glass (% in. thick) were 
to be used. The sum of the KL’s of each sheet is 0.26. Fig. 10 shows that the 
corresponding normal incidence transmittance (for the same wave length as 
before) becomes 0.66, The transmittances at 50 and 70 deg are 0.62 and 0.43. 
The procedure of determining transmittances of two sheets of glass by adding 
the KL values of each glass is a convenient one but it introduces a smali error 
because pips, unlike r,72, is not a function of K,L, + Kyl». The error is not 
over 0.2 percent at 50 deg incident angle. At 75 deg transmittances determined 
by the use of Fig. 10 will be, at the most, 3 percent too low. 

In a similar manner, Figs. 9 and 10 may be used to determine approximate 
transmittances for total solar spectrums. However, for most combinations of 
two sheets of glass, the normal incidence transmittance for the total spectrum 
cannot be determined with practical accuracy by adding individual KL values 
or by applying Equation 11. The errors involved and the magnitude of other 
deviations from the monochromatic curves are discussed in following sections. 
Certain approximations are suggested. 


DISCUSSION OF RESULTS 
Effect of Energy Distribution at Normal Incidence 


In a previous paper® calculations were made to determine the effect of energy 
distribution on the transmittance of single glass over the wave length band 
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of the solar spectrum. It was found that solar energy distributed as suggested 
by Moon? for various air masses had no appreciable effect on the normal inci- 
dence transmittance of a glass such as No. 1 and that a maximum change of 
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about 4 percent was produced in a glass similar to No. 10. No investigation 
was made with regard to double glass. 

It is evident from the data given in Table 2 that solar energy distribution 
effects are in reality very significant and that no cne value of normal incidence 
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transmittance can be assigned to any given single glass or double glass com- 
bination. Exceptions to this are glasses such as No. 2 or No. 9 which have 
practically uniform transmitting characteristics over the entire spectrum except 
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in the ultraviolet where the total energy is small. Furthermore energy distri- | 
bution effects limit the application of Equations 10 and 11 (and Fig. 10). This 
can be illustrated by the following example. ; 

Consider two identical sheets of glass having, for a given energy distribution, 
constant transmittances of 0.70 and 0.10 in the visible and infrared portions 
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of the spectrum. Let it be further assumed that the energy contained in each 
of these parts of the spectrum is equal. The average transmittance of a single 
sheet for the whole spectrum is thus 0.40. Now if these two sheets are com- 
bined, Equation 11 would indicate that r;,2 would be +r; re or 0.16. How- 
ever, the first sheet would filter out so much infrared that the average trans- 
mittance of the second sheet for the beam now depleted of the infrared would 
be roughly 0.60. The combined transmittance would therefore be closer to 
0.24 than 0.16. The following data (see Table 3) obtained by silver disk pyr- 


TABLE 3. TRANSMITTANCE AT NoRMAL INCIDENCE FOR Two SHEETS vs. 
CoMPUTED TRANSMITTANCE? 


| OBSERVED CALCULATED | 
| cale. 
3-25-48 Sgle #9 88.9 
#9 In, #9 Out | 79.1 79.0 1.00 
3-24-48 Sgle #1 76.8 
#1In, #1 Out | 60.8 59.1 0.97 
10- 2-47 Sgle #1 75.2 
#1In, #1 Out 58.7 56.5 0.96 
10-15-47 Sgle #1 | 75.5 
Sgle #6 | 36.8 
#11In, #6 Out | 32.8 27.8 0.85 
10-23-47 Sgle #1 | 72.2 
Sgle #10 35.6 
#1 In, #10Out | 31.1 25.7 0.83 
3-24-48 Sgle #6 | 41.3 
#6 In, #6 Out 22.3 17.1 0.77 
3-25-48 le #10 | 36.3 
#10 In, #10 Out | 20.7 13.2 0.64 


a Comparison of the normal incidence transmittances of combinations of two air-spaced sheets 
of glass with transmittances computed from the transmittances of the component sheets. 


bNo. 1, % in. regular plate glass; Nos. 6 and 10, % in. heat absorbing plate glass; No. 9, % 
in. drawn window glass. 


heliometer tests illustrate this. They have been selected from tests which are 
included in Table 2. The transmittance of each combination and its compon- 
ents were determined within a period of 30 min—and, therefore, under approxi- 
mately the same atmospheric conditions. 


These data indicate the approximate error involved in computing transmit- 
tance by Equations 10 or 11 when 7+, and ro represent average transmittances 
for the whole solar spectrum. It will be noted that the greater differences are 
associated with those glasses which are least uniform in transmittance over 
the spectrum. It is evident that in order to completely describe the behavior 
of double glass combinations (1) many tests must be made to cover a wide 
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range of conditions or (2) energy distribution curves must be set up and the 
transmittances computed wave length by wave length and an integr-ted result 
obtained. 

It is, however, possible to predict approximately the transmittances of vari- 
ous combinations in one of two ways: (1) the transmittances for the whole 
spectrum can be computed by Equation 11 and a correction applied based upon 
data such as given in Table 3 or, (2) if the transmittances of each sheet in a 
given combination are given in terms of infrared and visible transmittance, the 
transmittance for each of these parts of the spectrum can be computed by Equa- 
tion 11. If an energy distribution can be assumed, such as a ratio of infrared to 
visible radiation, the total normal incidence transmittance can be approximated. 
In either case Fig. 10 can be used to obtain approximate transmittances at 
angles of incidence other than normal. 


Energy Distribution Effects at Angles Other Than Normal Incidence 


The series expression for transmittance of a single sheet (Equation 8) shows 
that the factor g, representing absorption, enters each term. For monochro- 
matic radiation this expression is exact. However, over the spectrum as a whole, 
K, aud hence g, may vary with wave length. With a glass such as No. 6 or 
No. 10, each successive reflected ray finds itself depleted of infrared so that 
the average K changes with each reflection. This effect is most significant in 
the infrared absorbing glasses and at the higher angles of incidence. The net 
effect is one of higher transmittance at these angles than the curves of Fig. 9 
indicate. The same effect occurs in the case of double glass. 


Examination of Equation 10 shows that the order in which the sheets are 
arranged should have no effect on transmittance. At any given wave length the 
products of +; times r2 and of p; times po are independent of order. The effect 
of energy distribution on transmission losses due to successive reflections does 
remain, however, and may result in significant differences due to order of 
arrangement. It should be noted that heat gain by convection and radiation 
from the inner glass is dependent upon the order in which the sheets are placed. 


Comparison of Test Data with Theory 


Because of the range of conditions under which the various glasses were 
tested (see Table 1) each solid curve of Fig. 6 must be considered as repre- 
senting the average of a family of curves for that particular combination. The 
solid curves are curves of best fit. The dotted curves were constructed with the 
aid of Fig. 10. They are based upon monochromatic radiation and a KL value 
equal to that which represents the average absorption characteristic of a given 
combination for the total solar spectrum at normal incidence. 


The actual deviation of a transmittance curve, calculated for an energy dis- 
tribution corresponding to air mass = 2 from the monochromatic curve based 
upon the same normal incidence transmittance, was determined at two angles. 
For the double glass No. 1 combination the monochromatic curve was 0.5 
percent and 3.5 percent below the true curve at 50 and 75 deg incident angles 
respectively. For the No. 1 and No. 6 combination, the deviations were 10 and 
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12 percent. Curves B and C are in reasonable agreement -vith this finding, 
although other energy distribution effects may account for this. Curve A 
deviates much more from the dotted curve than would be expected. In the case 
of double No. 9, the solid and dotted curves are identical. 


Total Heat Gain 


Figs. 7 and 8 illustrate total heat gain for two different double glass combina- 
tions. They also show rates of heat gain from the indoor surface of the inner 
sheet of glass. Also shown are data on the irradiation of the plane of the win- 
dow. Fig. 8 demonstrates the decided reduction in heat gain when the outer 
glass is of the heat-absorbing type. Note that the heat transferred from the 
warmed inner glass in Fig. 8 is little different from that shown in Fig. 7. In 
both cases the elevation of the inner glass temperature above the calorimeter 
was about the same for roughly the same conditions, but in the case of combina- 
tion No. 1 and No. 6, the temperature elevation of the outer glass above the 
outdoor air was two to three times greater than in the case of the double No. 1 
combination. This caused a rapid dissipation of the absorbed solar heat. The 
test conditions were not, of course, strictly comparable because of the differ- 
ence in wind velocity, which has considerable effect on heat dissipation at the 
outer glass surface. The total transmitted solar radiation is, of course, the total 
heat gain minus the heat flow from glass to calorimeter. 


It should be noted that the curves of heat gain from glass to calorimeter lag 
with reference to the solar radiation curve by about one-half hour. This was 
found to be true of all similar fixed position tests of these and other combina- 
tions. Storage effects, therefore, are appreciable in glass installed in this man- 
ner. This storage effect, however, influences only the diffusion of solar heat 
absorbed by the glass and has no bearing on that part of the incident radiation 
directly transmitted through the glass. 


Heat gain values represented by these curves must not be considered as 
design values. The calorimeter apparatus used in tests represents the extreme 
condition wherein cooling loads are immediately affected by transmitted solar 
radiation. In any practical installation interior walls, floors, and furnishings 
absorb much of the transmitted radiation and dissipate it to the room at reduced 
rates. Because the variables involved in treating such a problem are so numer- 
ous, this phase of the effects of solar heat gain must be considered separately. 


The transference of heat from the inner surface of the inner glass to the 
calorimeter also represents a limiting condition, namely, one in which the 
interior surfaces seen by the glass and the ambient air are at substantially 
the same temperature. This condition is probably approached in many practical 
cases. 


The solar energy transmittance data presented in Fig. 6 and Table 2 apply 
equally well to summer and winter conditions, subject, of course, to variations 
due to energy distribution effects. In winter the maximum heat gain would 
normally take place through southern windows rather than through western 
windows which is generally the case in the summer. The distribution of solar 
energy absorbed by the glass would probably differ from that shown in Figs. 
7 and 8 because of differences in the temperature levels and wind velocity. 
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SUMMARY 


Transmittances of several types of glass used in various combinations of two 
sheets have been experimentally measured by calorimeter tests and by pyrheli- 
ometer tests. Total heat gains through these combinations with a %-in. air 
space have been measured under various conditions of temperature difference. 
The results of these tests are as follows: 


1. Variations in solar energy distribution significantly affect the transmittance of 
these glasses for both direct and diffuse solar energy. 

2. Because of ‘hese effects the transmittance of double glass is equal to or greater 
than the product of the transmittances of the component single sheets. For the 
combinations tested, this transmittance was about 5 percent greater for double standard 
plate glass and about 20 percent greater for standard plate glass plus a heat- 
absorbing glass. 

3. The use of a heat-absorbing glass outside of a regular plate glass reduces 
materially the directly transmitted solar radiation. 

4. Under the conditions of the test setup the use of a heat-absorbing glass outside 
of a standard plate glass does not greatly increase the heat gain by radiation and 
convection from the inner glass as compared to the use of two sheets of standard 
plate glass. 


The test results presented in this second report of studies on flat glass rep- 
resent a part of a continuing program of research on windows and glass block 
panels. 
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DISCUSSION 


W. M. Wattace, II, Durham, N. C.: Will the data presented in this paper change 
or modify any of the values published in THE Guine 1948? 


AutHor’s Crosure: The data on instantaneous solar heat gain through glass in 
Tue Guipve 1948 are for single ordinary window glass and are based on a solar 
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radiation intensity curve which is roughly average for the country as a whole. THE 
Guin also includes a table of modifying factors to apply to single glass of varic::s 
transmissivities. No actual data are given for double glass, but references are ci. 
The data given in this paper therefore are not in conflict with any presently pub- 
lished data. 

The previously given information on several different types of single glass has 
not been checked against the table. One of the important items involved in this 
table is the distribution of heat absorbed by the glass to the indoor and outdoor sur- 
roundings. The conditions of the tests will not necessarily coincide with those 
assumed when that table was made up. The analysis of this particular point will 
be the subject of a paper in the future. 
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